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ABSTRACT 
STABILITY AND PRECIPITATION  
OF DIVERSE NANOPARTICLES 
 
by 
Chintal Desai 
Nanotechnology is a rapidly growing industry that is exploiting the novel characteristics 
of materials manufactured at the nanoscale. Carbon based nanomaterials such as Carbon 
Nanotubes (CNTs) and Detonation Nanodiamond (DND) possess unique properties and 
find a wide range of industrial applications. With the advent of mass production of such 
materials, there is a possibility of contamination of water resources. Depending on the 
surface properties and structures, they might aggregate and settle down, or be dispersed 
and transported by the water. Therefore, there is a need to develop an understanding of 
the fate of such materials in aqueous media. The understanding and effect of solution 
chemistry is a key to predicting their deposition, transport, reactivity, and bioavailability 
in aquatic environments. 
The colloidal behavior of organic dispersed CNTs and water dispersed DNDs is 
investigated. The aggregation behavior of these two colloidal systems is quite different 
from that of hydrophilic, water soluble functionalized CNTs (F-CNTs). The values of the 
Fuchs stability ratio or the critical coagulant concentration are determined experimentally 
using time-resolved dynamic light scattering and are used to predict the stability of such 
systems.  It is found that the aggregation behavior of the organic dispersed, antisolvent 
precipitated system does not follow the conventional Derjaguin–Landau–Verwey–
Overbeek (DLVO) theory. But they stabilize in the long term, which is attributed to the 
supersaturation generated by different solubility of a solute in the solvent/antisolvent. 
 
 
Based on particle size distribution, zeta potential as well as the aggregation kinetics, the 
water dispersed DNDs are found to be relatively stable in aqueous solutions, but 
aggregate rapidly in presence of mono and divalent salts. Also, the formation of 
carboxylic groups on the DND surface does not alter colloidal behavior as dramatically 
as it does for other nanocarbons especially carbon nanotubes.  
Formation of colloidal dispersions via precipitation processes has been widely 
used in the chemical and pharmaceutical industries. The synthesis of micro- particles for 
hydrophobic drugs is effectively carried out via anti-solvent precipitation method. The 
formation of small particles in the precipitation method is strongly influenced by 
colloidal interactions, and therefore, dependent on the properties of the particles and the 
liquid. The effect of solvent on the colloidal stability of the micro-drug particles is 
studied in detail. It is found that the organic solvent plays an important role on particle 
formation, polymorphism and stability of micron scale drug particles in aqueous media. 
Also, the supersaturation can be varied by using different solvents and the 
physicochemical characteristics of the suspension can be altered, which affects stability. 
Understanding of the colloidal stability and the aggregation kinetics has great importance 
not only for fundamental researches, but also for their applications.  
 
STABILITY AND PRECIPITATION 
 OF DIVERSE NANOPARTICLES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
by 
Chintal Desai 
 
 
 
 
 
 
 
 
 
 
 
 
 
A Dissertation  
Submitted to the Faculty of 
New Jersey Institute of Technology 
in Partial Fulfillment of the Requirements for the Degree of 
Doctor of Philosophy in Chemistry 
 
Department of Chemistry and Environmental Science 
 
 
May 2013 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © 2013 by Chintal Desai 
 
ALL RIGHTS RESERVED 
.
APPROVAL PAGE 
 
STABILITY AND PRECIPITATION 
OF DIVERSE NANOPARTICLES 
 
 
Chintal Desai 
 
 
 
 
Dr. Somenath Mitra, Dissertation Advisor                    Date 
Distinguished Professor of Chemistry and Environmental Science, NJIT 
 
 
 
 
Dr. Carol A. Venanzi, Committee Member         Date 
Distinguished Professor of Chemistry and Environmental Science, NJIT 
 
 
 
 
Dr. Edgardo Farinas, Committee Member         Date 
Associate Professor of Chemistry and Environmental Science, NJIT 
 
 
 
 
Dr. Haidong Huang, Committee Member         Date 
Assistant Professor of Chemistry and Environmental Science, NJIT 
 
 
 
 
Dr. Pradyot Patnaik, Committee Member         Date 
Consultant, Radiance, Burlington, New Jersey 
 
 
 
BIOGRAPHICAL SKETCH
Author:	 Chintal Desai
Degree:	 Doctor of Philosophy
Date:	 May 2013
Undergraduate and Graduate Education:
• Doctor of Philosophy in Chemistry,
New Jersey Institute of Technology, Newark, NJ, 2013
• Master of Science in Chemistry,
South Gujarat University, Surat, India, 1997
• Bachelor of Science in Chemistry,
B. P. Baria Science Institute, Navsari, India, 1995
Major: 	Chemistry
Peer Reviewed Publications:
Desai, C., Mitra, S. 2013. Aggregation behavior of detonation nanodiamonds and their
functionalized analog in aqueous environment. (In preparation)
Desai, C., Mitra, S. 2013. Microwave induced carboxylation of nanodiamonds. Diamond
and Related Materials. 34, 65-69.
Lau, X., Desai, C., Mitra, S. 2013. Functionalized nanodiamond as a charge transporter in
organic solar cells. Solar Energy. 91, 204-211.
Roy, S., Mitra, K., Desai, C., Mitra. S. 2013. Detonation nanodiamonds and carbon
nanotubes as reinforcements in epoxy composites- A Comparative study. Journal
of Nanotechnology in Engineering and Medicine. (Under Review).
Addo Ntim, S., Sae-Khow, O., Desai, C., Mitra, S. 2012 Size dependent aqueous
dispersibility of carboxylated multiwall carbon nanotubes. Journal of
Environmental Monitoring. 14, 2772-2779.
iv
 
v 
 
Desai, C., Addo Ntim, S., Mitra, S. Antisolvent precipitation of hydrophobic 
functionalized multiwall carbon nanotubes in an aqueous environment. 2012. 
Journal of Colloid and Interface Science. 368, 115-120. 
 
Desai, C., Meng, X., Yang, D., Wang, X., Akkunuru, V., Mitra, S. 2011. Effect of 
solvents on stabilization of micro drug particles. Journal of Crystal Growth. 314, 
353-358. 
 
 
Conference Presentations:  
 
Desai, C., Mitra, S., Water pollution from carbon nanoparticles. The Dana Knox 
Research Show Case, NJIT, Newark, NJ, April 2013. 
Desai, C., Mitra, S., Effect of solvents on long term stability of colloidal API 
suspensions. ISPE NC Annual Meeting, New Brunswick, NJ, April 2013. 
Desai, C., Mitra, S., Stable carbon nanotubes (CNTs) as potential water pollutants. 244th 
ACS National Meeting and Exposition, Philadelphia, PA, August 2012. 
Desai, C., Mitra, S., Effect of solvents on stabilization of micro drug particles for 
effective drug delivery. The 57th Annual New Jersey Academic of Science 
Meeting, Seton Hall University, South Orange, NJ, April 2012. 
Desai, C., Mitra, S., Stable carbon nanotubes (CNTs) as potential water pollutants. The 
Dana Knox Research Show Case, NJIT, Newark, NJ, April 2012.  
Desai, C., Mitra, S., Effect of solvents on stabilization of micro drug particles. 243th 
ACS National Meeting and Exposition, San Diego, CA, March 2012. 
Desai, C., Mitra, S., Water pollution via precipitation of hydrophobic functionalized 
multiwall carbon nanotubes in an aqueous environment. NJIT GSA Research 
Day, Newark, NJ, November, 2011. 
 
vi 
 
 
 
 
 
 
This Doctoral Degree would not have been possible without some of the most important 
people in my life. I would like to dedicate this thesis to my father, the Late  Ramesh- 
Chandra Kapadia who was not only my role model but my strength who taught me how to 
initiate first step towards fulfilling my goal with never giving up attitude. It is dedicated 
to my mother, Geetaben Kapadia who has been a constant motivational source to me. I 
am heartily grateful to her for instilling importance of hard work and always being my 
strength during moments of despair and discouragement. 
My gratifying thanks to my wonderful loving husband, Brijesh Desai for his 
enduring understanding, invaluable patience, and encouragement throughout my 
journey. A special thanks to my son, Manav who is my joy of life and has grown into 3 
wonderful years old in spite of his mother spending so much time away from him working 
on this dissertation.  
Finally thanks to my sisters, niece, nephews, all my friends and family members 
who endured this long process with their undying love and support. 
 
 
 
 
 
vii 
 
 
ACKNOWLEDGMENT 
 
I would like to express my sincere gratitude to my advisor, Dr. Somenath Mitra, for 
providing invaluable guidance, scholarly inputs, consistent encouragement and 
opportunities during the course of my doctoral study. I am also very grateful to Dr. Carol A. 
Venanzi, Dr. Edgardo T. Farinas, Dr. Haidong Huang and Dr. Pradyot Patnaik for their 
contributions as members of my dissertation committee and providing valuable feedback. 
I greatly appreciate the help of, Dr. Marino Xanthos and Ms. Clarisa González-
Lenahan, as well as the staff of the Graduate Studies Office and Faculty throughout my study 
at NJIT. I am immensely grateful to National Science Foundation and National Institute 
of Environmental Health Sciences (NIEHS) for financial support. My appreciation also 
goes to the Department of Chemistry and Environmental Science for offering Teaching 
Assistantship.  
Additionally, I would like to thank Dr. Larisa Krishtopa, Dr. Young Pu, Yogesh 
Gandhi, Gayle Katz and Genti Price for their assistance during my study at NJIT. I also 
would like to thank my colleagues, Dr. Chutarat Saridara, Dr. Cheng Li, Dr. Yuhong Chen, 
Dr. Ornthida Sae-Khow, Dr. Xiangxin Meng, Dr. Chaudhery Hussain, Dr. Sagar Roy, Xinbo 
Cui, Smruti Ragunath, Zheqiong Wu, and Zhiqian Wang for their friendship, collaboration, 
and exchange of thoughts and ideas. Very special thanks to my friend Dr. Susana Addo Ntim 
and Dr.Shweta Naik for kind support and help throughout this process. Finally, I would like 
to take the opportunity to thank my beloved family for their love and support. 
 
viii 
 
   
TABLE OF CONTENTS 
 
Chapter Page 
1    INTRODUCTION……............................………………..………………………… 1 
 1.1 Objective ……............................………………..……………………………... 1 
 1.2 Dispersibility of Colloids……….......................................................................... 3 
 1.3 Electrokinetic Properties of Colloids…………………………………………… 4 
 1.4 Aggregation Behavior in Aqueous Media and Effect of Electrolytes………….. 6 
 1.5 Drug Particle Formation and Stability in Aqueous and Nonaqueous Media…… 10 
  1.5.1 Top-down Technologies…………………………………………………. 12 
  1.5.2 Bottom-up Technologies………………………………………………… 12 
  1.5.3 Anti-Solvent Precipitation Method………………………………………. 13 
  1.5.4 Improving the Dispersion Stability of Nanoparticles…………………… 16 
 1.6 Functionalization of Nanocarbons and Their Stability………………………… 16 
  1.6.1 Carbon Nanotube Functionalization…………………………………….. 17 
  1.6.2 Nanodiamond Functionalization………………………………………… 19 
2 ANTISOLVENT PRECIPITATION OF HYDROPHOBIC FUNCTIONALIZED 
MULTIWALL CARBON NANOTUBES IN AN AQUEOUS ENVIRONMENT 
21 
 2.1 Introduction……………………………………………………………………. 21 
 2.2 Preparation of F-CNTs…………………………………………………………. 23 
  2.2.1 Characterization of the MWCNT-ODA…………………………………. 24 
  2.2.2 Dispersibility Studies…………………………………………………….. 24 
 2.3 Results and Discussion…………………………………………………………. 25 
 
ix 
 
 TABLE OF CONTENTS 
 (Continued) 
 
 Chapter Page 
  2.3.1 Characterization………………………………………………………….. 25 
  2.3.2 Antisolvent Precipitation of MWCNT-ODA in Aqueous Media………... 27 
  2.3.3 Long Term Stability of MWCNT-ODA…………………………………. 30 
  2.3.4 Effect of Salt on The Stability of MWCNT-ODA Dispersion…………... 31 
  2.3.5 Aggregation of MWCNT-ODA in Presence of Electrolyte……………... 33 
 2.4 Conclusions……………………………………………………………………... 35 
3 MICROWAVE INDUCED CARBOXYLATION OF DETONATION NANO-
DIAMONDS……………………………………………………………………….. 
 
37 
 3.1 Introduction……………………………………………………………………... 37 
 3.2 Carboxylation of DNDs ………………………………...…………………….... 40 
  3.2.1 Characterization of DNDs ………………………………………………. 40 
  3.2.2 Particle Size and Zeta Potential Measurements ……................................. 40 
 3.3 Results and Discussion……………………………………………………........ 
 
41 
  3.3.1 Characterization…………………………………………………………..  42 
  3.3.2 Colloidal Behavior of DND Disepersions……………………………….. 45 
 3.4 Conclusions……………………………………………………………………... 47 
4  AGGREGATION BEHAVIOR OF NANODIAMONDS AND THEIR       
FUNCTIONALIZED ANALOG IN AQUEOUS ENVIRONMENT …………… 
 
48 
 4.1 Introduction ………………………………………….…………………………. 48 
 4.2 Preparation of DND Dispersions………………………………………………... 49 
 4.3 Results and Discussion………………………………………………………….. 50 
  4.3.1 Particle Size and Zeta Potential Measurements………………………….. 50 
 
x 
 
 TABLE OF CONTENTS 
 (Continued) 
 
 Chapter Page 
  4.3.2 Aggregation and Long Term Stability of DND Dispersions………......... 52 
 4.4 Conclusions…………………………………………………………………….. 56 
5 Effect of Solvents on Stabilization of Micro Drug Particles……………………….. 60 
 5.1 Introduction…………………………………………………………………….. 57 
 5.2 Preparation of Micro-drug Particles ……………………………………………. 59 
  5.2.1 Particle Size Measurements……………………………………………… 59 
  5.2.2 Characterization………………………………………………………….. 60 
  5.2.3 Monitoring the Sedimentation Rate……………………………………… 60 
 5.3 Results and Discussion………………………………………………………….. 61 
  5.3.1 Particle Size Distribution………………………………………………… 62 
  5.3.2 Long Term Stability as a Function of Time……………………………… 64 
  5.3.3 Sedimentation Rate………………………………………………………. 65 
  5.3.4 Particle Morphology……………………………………………………... 68 
 5.4 Conclusions……………………………………………………………………... 70 
REFERENCES ………………………………………………………………………... 71 
 
 
xi 
 
 
LIST OF TABLES 
 
Table Page 
2.1  Hansen Parameters for Solvents …....………………..…………………………. 29 
3.1 Elemental Composition of DND compounds…………………………………… 43 
3.2 Particle Size and Solubility of DND Materials…………………………………... 46 
5.1 Experimented Values for Different GF/ Solvent Systems………………………                                                                                                             62
5.2 Physiochemical Properties of Solvents…………………………………………... 62 
5.3 Parameters for GF with Different Solvents……………………………………… 68 
 
 
xii 
 
 
LIST OF FIGURES 
 
Figure Page 
1.1  Approach for anti-solvent precipitation ………..………………………………. 
 
14 
1.2  Mechanism of anti-solvent precipitation ………………..……………………… 
 
15 
2.1  SEM images of (a) MWCNT (b) MWCNT- ODA.……………………………. 26 
2.2  FTIR spectra of (a) purified CNT (b) MWCNT-ODA………………………… 
 
26 
2.3 TGA of (a) purified MWNT (b) MWNT-ODA (c) Pure ODA....……..……..... 27 
2.4 Photographs of (a) MWNT-ODA dispersed in THF Solvent (10ppm), (b) 
precipitation of MWCNT-ODA in water, (c) dispersed MWCNT-ODA after 
antisolvent precipitation, (d) partial precipitation of dispersed MWCNT-ODA 
after addition of NaCl…………………………………………………………… 
 
28 
2.5 Particle size distribution of MWCNT-ODA in solvent/water mixtures 
containing 10 ppm of MWNT-ODA in four solvents………………………….. 
 
29 
2.6 Particle size distribution of MWCNT-ODA in (a) 1.66 ppm concentration of 
MWCNT-ODA and in (b) 10 ppm concentration as a function of time………... 
 
31 
2.7 Particle size distribution of MWCNT-ODA in solvent/water mixtures as a 
function of salt concentration…………………………………………………… 
 
32 
2.8 Attachment efficiency of MWCNT-ODA in (a) THF/water (b) Ethanol/water 
(c) Acetone/water (d) ACN/water in presence of electrolyte…………………… 
 
34 
3.1 Photographs of (a) DND (b) DND-COOH……………………………………... 42 
3.2 SEM images of (a) DND and (b) DND-COOH………………………………… 43 
3.3 Powder X-ray diffraction spectra of (a) DND (b) DND-COOH……………….. 44 
3.4 FTIR spectra of (a) DND and (b) DND-COOH………………………………… 45 
3.5 (a) Zeta Potential (b) Particle size as a function of DND concentration in 
water……………………………………………………………………………. 
47 
 
 
xiii 
 
 LIST OF FIGURES  
(Continued) 
 
Figure Page 
4.1 Particle size distribution of DND and DND-COOH in presence of (a) NaCl and 
(b) MgCl2……………………………………………………………………………………………………....... 
 
52 
4.2 Zeta Potential of DNDs and DND-COOH in the presence of (a) NaCl and (b) 
MgCl2 …………………………………………………………………………. 
 
52 
4.3 Attachment Efficiency of (a) DNDs in NaCl (b) DND-COOH in NaCl (C) 
DNDs in MgCl2 and (d) DND-COOH in MgCl2………………………………………………… 
 
54 
4.4 Stability as a function of time measured by fluorescence at 753.2 nm………..
  
55 
5.1 Dynamic light scattering measurements of stabilized suspension as a function 
of time…………………………………………………………………………... 
 
63 
5.2 Particle size distribution of a model drug for three solvent/water systems…….. 64 
5.3 Long term stability for three drug-solvent systems as a function of time………. 65 
5.4 Weight percentage of stabilized drug-solvent systems as a function of time…... 66 
5.5 Experimental vs. theoretical value of settling rate (using stokes equation)……. 67 
5.6 Rate of settling as a function of time for three drug-solvent systems………….. 68 
5.7 SEM images of (a) GF/Acetone (b) GF/DMSO (c) GF/Ethanol……………….. 69 
5.8 Raman spectra of (a) GF/DMSO (b) GF/Ethanol (c) GF/Acetone (d) Pure GF... 69 
5.9 XRD data of drug particles prepared in different solvents……………………… 70 
 
 
1 
 
CHAPTER 1 
INTRODUCTION 
1.1 Objective 
Nanotechnology refers to the engineering of functional materials at the atomic, molecular 
or macromolecular scale (Ebbesen, 1996). Nanoparticles (NPs) are known to have unique 
size dependent electrical, magnetic, mechanical, optical and chemical properties that 
make them attractive for various applications (Das et al., 2013; Meyers et al., 2013). 
Some of the engineered nanomaterials are already found in consumer products such as 
sporting goods, tires, sunscreens, cosmetics, and electronics, while others will potentially 
be used in the medical field for diagnosis, imaging, and drug delivery (Kayser et al., 
2005; Kostarelos et al., 2005; Hussain et al., 2010; Fan et al., 2011; Fakruddin et al., 
2012; Jeyaraj et al., 2013; Sultana et al., 2013). With the emergence of nanotechnology, 
products containing nanomaterials have grown exponentially and their mass production 
has become possible. The release of these manufactured nanoparticles into natural aquatic 
systems is quite expected. The potential impacts of these emerging contaminants on the 
environment and human health are still uncertain although they are causing growing 
concern to the community (Ali-Boucetta et al., 2013; David, 2013; Du et al., 2013; Gaiser 
et al., 2013; O'Shaughnessy, 2013; Popescu et al., 2013; Van Hoecke et al., 2013).  
 The fate, bioavailability, and exposure risks of these contaminants once released 
into aquatic systems are directly controlled by their transport behavior in such systems.  
Compared to bulk particles, micro/nano particles have an extremely high tendency of 
adhesion and aggregation due to their surface structures and interactions. (Buzea et al., 
2007). Environmental exposure, bioavailability, and mobility of NPs in part depend on 
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their aggregated state and their surface charge therefore it is quite important to control the 
dispersion/aggregation phenomena of NPs to apply them into functional materials and 
products. These fundamental characteristics are functions of the aqueous media in which 
the particles are suspended and dependent on their surface properties and solution 
chemistry.  
 The theory of colloid stability is based on the recognition of two forces in any 
stabilized solution: the electrostatic repulsion which opposes aggregation and an 
attractive van der Waals force which acts to bind particles together. The theory is known 
as the DLVO theory after the four scientists – Deryaguin, Landau, Verwey and Overbeek. 
(Derjaguin and Landau, 1993; Verwey and Overbeek, 1999). The classic DLVO theory 
of colloidal stability has been universally applied to explain the aggregation and 
deposition behavior of charged particles in the presence of electrolytes. Many 
experimental studies on stability of charged nanoparticles of Single wall carbon 
nanotubes (SWCNTs), Multi wall carbon nanotubes (MWCNTs) and fullerenes have 
demonstrated their aggregation and deposition behavior to be qualitatively in line with 
the DLVO theory (Chen et al., 2006; Saleh et al., 2008; Smith et al., 2009).  
 The interactions between particles control the properties of a colloidal system. For 
example, adsorbed atoms, especially polymers, can also lead to increases in both 
flocculation and in repulsion, depending on the nature of the layer and particle. Such 
stabilization is known as steric stabilization. The purpose of this research is to study the 
colloidal behavior of water dispersed and organic dispersed materials in aqueous system 
for various applications. Several systems that throw light on different aspect of this 
phenomenon are presented. The objectives of this thesis are listed as follows: 
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 Investigate the stability, mechanisms and aggregation behavior of hydrophobic 
carbon nanotubes in the aqueous media. 
 Carboxylation of nanodiamonds (NDs) and study their dispersion behavior in the 
aqueous system. 
 Investigate the effect of solvents on stabilization of micro drug particles. 
 
1.2 Dispersibility of Colloids 
Due to the advent of nanotechnology, many advanced nanoparticles have been developed 
and their mass production has become increased dramatically in the consumer market. 
Extensive use of NPs in industry will increase the likelihood of their exposure to the 
natural environment. For example, nanomaterials such as Carbon Nanotubes (CNTs) and 
Nanodiamond (NDs) can be released into the environment via wastewater discharge as 
point source emissions from manufacturing industries (Wiesner et al., 2006). Upon 
release, they will interact with the aquatic environment and biological species. Depending 
on the interplay between electrostatic and van der Waals interactions, they may aggregate 
or persist in aqueous media as homogenous dispersions (Thess et al., 1996). The 
understanding and effect of such behavior is a key to predicting their deposition, 
transport, reactivity, and bioavailability in aquatic environments. Literature on 
aggregation of CNTs and fullerenes has mostly been centered on enhancement of their 
aqueous solubility, either by dispersing them with surfactant, (Jiang et al., 2003; 
Lisunova et al., 2006), polymer adsorption (Jung et al., 2004), or by introducing oxygen 
containing functional groups on the surface through acid treatment (Wang et al., 2005a; 
Wang et al., 2005b; Chen and Mitra, 2008; Peng et al., 2009). In recent years the number 
of studies evaluating the aggregation behavior of NPs in the presence of electrolytes has 
increased significantly, where time-resolved dynamic light scattering (TRDLS), Raman 
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spectroscopy, zeta-potential measurements, and UV-Visible spectroscopy have been used 
to investigate the aggregation kinetics of NPs in aqueous (Pavlova-Verevkina et al., 2009; 
Peng et al., 2009; Smith et al., 2009). 
1.3 Electrokinetic Properties of Colloids 
Electrokinetic potential is associated with the movement of ionic solutions near charged 
interfaces. A charged colloidal particle suspended in an electrolyte solution is surrounded 
by a cloud of counterions which contribute to a set of surface charges and countercharges 
called the electric double layer. Determination of the detailed structure of the electric 
double layer is of primary importance in stability issue. This plays an essential role in 
various interfacial electrical phenomena on the particle surface and in the particle- 
particle interaction in the colloid suspension. The surface potential on colloid particles is 
generally difficult to measure. However, the potential near the particle surface called the 
zeta (ζ) potential is measurable. Zeta potential is the potential difference between the 
mobile dispersion medium and the stationary phase of the dispersion medium attached to 
the dispersed particle. The zeta-potential is an important parameter of the electrical 
double layer and represents a characteristic of electrical properties of solid/liquid 
interfaces. The zeta-potential is used for observing the behavior of dispersive systems in 
liquids and is one of the fundamental parameters known to affect stability. It is a measure 
of the magnitude of the electrostatic or charge repulsion or attraction between particles. 
Its measurement brings detailed insight into the causes of dispersion, aggregation or 
flocculation, and can be applied to improve the formulation of dispersions. Zeta potential 
value can related to the short and long term stability of dispersion. Higher zeta potential 
value defines the repulsive forces exceeds over to attractive forces and resulting into 
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stable system. The measurement of zeta potential has important applications in a wide 
range of industries including; agriculture, ceramics, pharmaceuticals, medicine, mineral 
processing, electronics, water treatment, etc. Zeta potential has been used to study the 
stability of MWCNT, fullerene dispersions, and the influence of counterions on their 
aggregation behavior (Chen et al., 2006; Peng et al., 2009). 
 Instead of zeta potential, Electrophoretic mobility (EPM) has also been used to 
measure colloid stability. EPM is the migration of charged colloidal particles through a 
solution under the influence of an applied electric field. Saleh et al. (2008) studied the 
electrokinetic properties of MWCNT dispersion in the form of EPM as a function of salt 
concentration. They observed with increasing the salt concentration made the EPM 
values of the MWCNTs less negative, as is commonly observed with most colloidal 
particles in aqueous solutions. The presence of defects on the surface of CNTs in the 
form of pentagon and heptagon irregularities at their carbon scaffold and also incomplete 
carbon rings at the end termini make the sidewalls and tube-ends susceptible to oxidation 
to form carboxyl and hydroxyl functional groups (Hirsch and Vostrowsky, 2005). These 
functional groups present on the CNT surface accounts for the strong dependence of 
EPM on solution pH. Smith et al. (2008) investigated the influence of pH on the EPM of 
oxidized MWCNT in the presence of 64 mM NaCl. The EPM values decreased with 
increasing pH from pH 3 to 5 with the values remaining fairly stable above pH 6, 
independent of the electrolyte concentration (Smith et al., 2009). This was consistent with 
previously reported EPM measurements of oxidized carbon nanotubes (Esumi et al., 
1996; Hu et al., 2008). A similar observation was made by Peng et al. while investigating 
the effect of electrolytes on the stability of oxidized MWCNTs (Peng et al., 2009).  
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1.4 Aggregation Behavior in Aqueous Media and Effect of Electrolytes 
In aqueous system, coagulation of certain colloidal sols is done via addition of 
electrolytes. For instance, precipitation of SWCNTs, MWCNTs and fullerenes under the 
influence of different salts often show dependence on the charge on the cations, and in 
general these nanoparticles have followed the well-established DLVO theory (Derjaguin 
and Landau, 1993; Verwey and Overbeek, 1999). Where, at low electrolyte 
concentrations, the aggregation and deposition kinetics increase with electrolyte 
concentration and at high electrolyte concentration, aggregation is no longer function of 
concentration and remains constant. It is well-known that the critical coagulation 
concentration (ccc), the minimum concentration of ions necessary to cause rapid 
coagulation of colloids follows the Schulze-Hardy rule. 
 
     
 
 
 
 
 
(1.1) 
 
 Where z is the valence of the electrolyte counterions. Typically, n is 6 in three 
dimensions (3D) and 9 in two dimensions (Sano et al., 2000). Based on Schuzle-Hardly 
rule the quantity of the electrolyte which is required to coagulate a definite amount of a 
colloidal solution depends upon the valency of the ion having a charge opposite to that of 
the colloidal particles. According to the DLVO theory, the Schulze-Hardy rule results 
from interplay between van der Waals attraction and electric double-layer repulsion.
 Sano et al. were among the first group to investigate the colloidal nature of 
SWCNTs in electrolyte solutions particularly emphasizing the dependence on the 
Schulze-Hardy rule (Sano et al., 2001). The state of aggregation of acid-treated SWNTs 
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was monitored by UV absorbance in solutions containing several inorganic salts. The ccc 
values obtained for Na
+
, K
+
, Mg
2+
, Ca
3+
, La
3+
 and Ce
3+
 were 37, 26, 0.31, 0.20, 0.050 and 
0.052, respectively. A clear inverse relationship between the ccc values and the 
counterion valence z was observed, and a plot of the double logarithm of the ccc values 
against valence z produced a straight line with a slope of -6 (Sano et al., 2001). It was 
therefore, concluded that SWCNTs followed the 3D Schulze-Hardy rule. Few studies 
have quantitatively investigated the colloidal properties of acid-treated, surface-oxidized 
CNTs. Chen et al. studied CNT aggregate structure in water through light scattering and 
predicted the fractal dimension of surfactant-modified and acid-treated SWCNTs. They 
proposed that SWCNTs refluxed in HNO3 and then sonicated in HNO3/H2SO4 remained 
stable at neutral pH over a two-week period (Chen et al., 2004; Niyogi et al., 2007). 
Niyogi et al. studied differences in spectroscopic signatures of SWCNTs at different 
sodium chloride (NaCl) concentrations to infer about the SWCNT aggregation state 
(Niyogi et al., 2007). Shieh et al. employed UV-visible spectrophotometry (UV-vis) to 
show that acid-treated MWCNTs were unstable at pH 0 but increased in aquatic stability 
between pH 4 and 10, an effect ascribed to the protonation/deprotonation of carboxylic 
acid groups (Shieh et al., 2007). The oxidation of MWCNTs by HNO3 or HNO3/H2SO4 
has also been investigated by Osswald et al. who observed the formation of negatively 
charged particles that exhibited an electrophoretic mobility of ∼-4 μm s-1cm V-1 at neutral 
pH (Osswald et al., 2007). Giordano et al. have suggested that rod like morphology of 
CNTs should not follow classical DLVO theory (Giordano et al., 2007).  
 Saleh et al. (2008) investigated the initial aggregation kinetics of as-prepared 
MWCNTs using time-resolved dynamic light scattering (TRDLS) (Saleh et al., 2008). 
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They evaluated the influence of pH, concentration of monovalent (NaCl) and divalent 
(CaCl2 and MgCl2) salts and the presence of natural organic matter (Suwannee River 
humic acid, SRHA) on the aggregation kinetics of the MWCNTs. A TRDLS method was 
used to study the initial aggregation kinetics of MWCNT in the presence of electrolytes 
and natural organic matter where the hydrodynamic radius of the MWCNTs in the 
dispersion was measured as function of time over a period of 3 hr to obtain 
approximately 30% increase in the original hydrodynamic radius of the MWCNTs. The 
attachment efficiency of the MWCNTs was then determined based on the initial 
aggregation rate constant k of MWCNTs which is proportional to the initial rate of 
increase in the hydrodynamic radius, Rh, with time, t, and the inverse of MWCNT 
concentration N0 (Chen and Elimelech, 2007): 
 
 
  
 
  
 
      
  
 
   
 
(1.2) 
 
  
 For MWCNT dispersions with the same nanotube concentration, the attachment 
efficiency, α, (which is also the inverse of the Fuchs stability ratio, W, commonly used in 
colloidal stability studies) is obtained by dividing the initial slope of the aggregation 
profile of a given solution chemistry by the initial slope obtained under favorable (fast) 
aggregation conditions:  
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 Where the subscript “fast” represents favorable solution conditions, under which 
rapid, diffusion-limited aggregation takes place. The ccc values are then obtained from 
the intersection of the slow and fast aggregation regimes of the attachment 
efficiency/electrolyte concentration profile.  
 Saleh et al. (2008) observed an increase in MWCNT aggregation with increasing 
salt concentration and counterion valence consistent with the DLVO theory and the 
Schulze-Hardy rule. The ccc value obtained for the monovalent NaCl was 25mM, slightly 
lower than the value obtained by Sano and coworkers for SWCNT (37mM) (Sano et al., 
2001). Although, the reported ccc values for other carbon-based nanomaterials, 
specifically fullerene nanoparticles, are much higher: 85 mM, 160 mM, and 120 mM 
NaCl (Hong and Elimelech, 1997; Chen et al., 2006; Chen and Elimelech, 2007). For the 
divalent salts however, the ccc values (2.6 mM Ca
2+
 and 1.5 mM Mg
2+
) were higher than 
those for SWCNT (0.2 mM Ca
2+
 and 0.3 mM Mg
2+
) (Sano et al., 2001).  
 Smith et al. conducted a similar study with oxidized MWCNTs prepared by 
refluxing pristine MWCNTs in nitric acid, reporting a similar influence of counterion 
concentration and valence on the observed aggregation behavior (Smith et al., 2009). 
Their work differed from that of Saleh and coworkers (Saleh et al., 2008) only in the 
oxidation of the MWCNTs. The influence of natural organic matter was not investigated. 
The ccc values obtained using TRDLS in the presence of Na
+
 and Mg
2+
 and were 93±5 
  
 
      
  
 
   
 
      
  
 
        
 
(1.3) 
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mM and 1.8 mM respectively. While these values were similar to those reported by Saleh 
and coworkers (Saleh et al., 2008) in the case of the divalent salts, the monovalent NaCl 
gave a much higher ccc value. Peng and coworkers investigated the stability of nitric acid 
oxidized MWCNTs over a 30 day period in presence of salts by using UV-visible 
absorption. Their stability investigation showed that during an aging time of 30 days, 
oxidized CNTs dispersion showed characteristic UV–vis absorbance peak of individual 
CNTs at 252nm and CNTs concentration reducing to 85% of the initial concentration 
(Peng et al., 2009). An apparent dependence on counterion valence was observed in 
agreement with the Schulze-Hardy rule. The minimum concentration of Na
+
, K
+
, Mg
2+
, 
Ca
2+
, Fe
3+
 and Al
3+ 
required to cause precipitation in the MWCNT dispersions were 
determined based on a previously reported procedure (Peng et al., 2009) and termed 
precipitation value. The reported values for Na
+
, K
+
, Mg
2+
, Ca
2+
, Fe
3+
 and Al
3+ 
were 185 
mM, 125 mM, 1.05 mM, 0.55 mM, 0.15 mM, and 0.036 mM, respectively. This value is 
similar to ccc values expect for the Na
+
 and their determination may not be as accurate as 
the procedure for ccc determination.  
 Generally, the ccc values obtained for as-prepared CNTs were lower than 
oxidized ones. Also, the ccc values in the presence of divalent and trivalent salts appear 
to be reproducible across these studies, the values obtained for monovalent salts vary 
quite a bit (Sano et al., 2001; Saleh et al., 2008; Smith et al., 2009; Ntim et al., 2011).  
1.5 Drug Particle Formation and Stability in Aqueous and Nonaqueous Media 
Till date, more than 40% of the new chemical entities being generated through drug 
discovery programs are lipophilic or poorly water-soluble compounds and suffer from 
poor dissolution rate and lower bioavailability. Sub-micronic colloidal systems are 
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increasingly used as a mean of addressing such problems in drug formulation (Danhier et 
al., 2009). The particle size of active pharmaceutical ingredients (API) is the primary 
variable for controlling the bioavailability of a drug and based on Noyes-Whitney 
equation  (Sanganwar et al., 2010) hydrophobic drugs can be formulated as micro- or 
nano-particles with high surface area which enhances dissolution rates. 
 
  
  
            
(1.4) 
 
 Where dc/dt is the rate of dissolution, k is the dissolution rate constant, S is the 
surface area of the dissolving solid, Cs is the saturation concentration of drug in the 
diffusion layer and Ct is the concentration of the drug in the dissolution medium at time. 
Based on this principle, the reduction of particle size leads to a significant increase in the 
surface area, which in turn can lead to substantial increase in dissolution rate and 
bioavailability. Smaller the size of the particle, better the physical stability of the dosage 
form owing to the Brownian motion of the particles in the dispersion.  In other respects, it 
seems that the physical stability of the colloidal systems can often be partly related to the 
particle mean diameter and size distribution. Hence, particle size of the active agent plays 
a key role in the physical stability of the drug product. Moreover, the size and distribution 
of the particles can affect bulk properties, product performance, processability, stability, 
dose-content uniformity and finally appearance of the end product. The rate of 
sedimentation, agglomeration, is also affected by particle size.  Colloidal systems are 
multiphase formulations and thus, the designs of stable particle suspensions capable of 
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long stability constitute a substantial challenge in drug industry and many approaches and 
technologies have been carried out. 
 Micro or nano particles can be produced by bottom-up or top-down technologies. 
Topdown technologies start with bulk material and then break into micro or nano- 
particles, while bottom-up technologies is to synthesize the material from atomic or 
molecular species via chemical reactions, allowing the molecules to aggregate to form the 
solid particles.  
1.5.1 Top-down Technologies 
Milling and homogenization are the traditional top down methods for size reduction of 
large quantities of particulate materials. No harsh solvents are used in these processes and 
high loading of the materials can be achieved. In fact, these high energy processes 
produces a lot of heat which makes thermo labile materials to process (Rasenack and 
Müller, 2002b). The biggest problem with top down approach is the imperfection of 
surface structure and significant crystallographic damage to the processed patterns. These 
imperfections would have a significant impact on the device design and fabrication of 
nanostructures and nanomaterials. Regardless of the defects produced by top down 
approach, they will continue to play an important role in the synthesis of nano/micro 
structures which leads to the bulk production of nano/micro materials. 
1.5.2 Bottom-up Technologies 
The bottom-up approach plays an important role in the fabrication and processing of 
nanomaterials. In recent years, bottom-up processes such as emulsification and 
precipitation methods have emerged as methods for the synthesis of submicron or micro-
particles from the liquids. The colloidal dispersion is a good example of bottom up 
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approach in the synthesis of nano particles. Bottom-up processed can be carried out at 
ambient temperatures, and therefore heat sensitive materials can be processed easily. 
Nanostructures with less defects, more homogenous chemical composition, and better 
short and long range ordering can be achieved via bottom up processes. One of the main 
disadvantages of these methods is the need to remove excess stabilizer and solvent by 
appropriate techniques. 
1.5.3 Anti-solvent Precipitation Method 
Precipitation methods such as antisolvent precipitation have been utilized for many years 
and are widely used in chemical and pharmaceutical industry for preparation of 
submicron particles for drug delivery (Zimmermann et al., 2007; Xia et al., 2010), for the 
production of pigments and dye stuffs, in mineral industry for the separation and 
purification of ores as well as preparation for other nanoparticles (Bilati et al., 2005; 
Kakran et al., 2012). Precipitation processes are of utmost importance in environmental 
technology for the purification of waste water from heavy metals and for the recovery of 
resource material. Precipitation method is the crystallization of sparingly soluble 
substances. Typically, a poorly water soluble material is first dissolved in an organic 
solvent and the solution is mixed with a miscible anti-solvent (Figure 1.1). The ultrasonic 
agitation was used to assist particle precipitation during mixing. Precipitation processes 
that form particles directly may provide more control of particle size distribution and 
morphology. Researchers have reported sonication assisted anti-solvent precipitation for 
the formation of submicron and micro-particles of hydrophobic drugs for drug delivery. 
(Meng et al., 2009; Desai et al., 2010; Zhu et al., 2011). Anti-solvent precipitation of 
organic dispersed carbon nanotube has also been carried out to study fate and transport of 
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such materials in aqueous system (Desai et al., 2012). The stabilization of these 
suspensions is of great importance for both controlling the particle size and developing 
manufacturing processes.  
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Approach for anti-solvent precipitation. 
 In precipitation method a chemical reaction produces precipitation of micro/nano 
particles via nucleation and growth. The mechanism of antisolvent precipitation is shown 
in Figure 1.2. Precipitation generally involves the simultaneous and rapid occurrences of 
primary processes in the presence of other secondary processes. The primary processes 
are mixing of the solute molecules at molecular scale via nucleation and growth. The 
nucleation rate depends on the degree of supersaturation and is the driving force for the 
precipitation.  High supersaturation leads to higher nucleation rate which can produce 
homogenous or heterogenous systems (Mersmann, 1999). Nucleation occurs when a 
critical number of molecules join together to form nuclei. Nucleation and growth 
Poorly water soluble 
materials 
 
Antisolvent 
Precipitation of 
micro/nanoparticles 
Colloidal Solution contains 
micro/nanoparticles 
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continue to occur simultaneously while the supersaturation exists. Supersaturation can be 
highly sensitive to the rate at which the solvent and antisolvent are mixed, compared to 
the induction time for nucleation to occur and therefore, the mixing time, τmix, must be 
small compare to the process time, τflash, in order to obtain a homogenous mixture. 
 
 
Figure 1.2 Mechanism of anti-solvent precipitation. 
 
 Secondary processes are aggregation, ageing and ripening of the molecules. The 
coagulation process usually occurs after particle precipitation which results in particle 
collision and formation of bigger particles. Agglomeration describes the tendency of 
small particles in a liquid suspension to coalesce into larger aggregates. The nucleated 
primary particles remain in the submicron range and are subject to colloidal interactions 
which depend on the properties of the particles and the liquid. These interactions may be 
attractive or repulsive and consequently phenomena-like particle aggregation, particle 
flocculation or colloidal stability are governing the formation and structure of the final 
product particles. 
τmix (mixing time) 
τflash (process time) 
 
τmix(mix time) 
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1.5.4 Improving the Dispersion Stability of Nanoparticles 
Nanoparticles are known to have high tendency of adhesion and aggregation due to their 
surface structures and surface interactions. Thus, it is quite important to develop 
techniques to control the dispersion/aggregation of NPs to apply them into various 
applications. And in particular, to control the stability of dispersion of NPs in an organic 
media is still a challenging issue. Surface modification is one of the mostly accepted 
methods to improve the dispersion stability of NPs to overcome such challenges.  The 
three main approaches that have been used to solubilizes NPs are; surfactant-based 
solubilization (Islam et al., 2003) non-covalent wrapping/adsorption, where soluble 
polymers have been wrapped (Lin et al., 2003), and covalent functionalization involving 
chemical modification of the NPs surface (Wang et al., 2005b; Chen and Mitra, 2008; 
Peng et al., 2009). 
1.6 Functionalization of Nanocarbons and Their Stability 
The family of nanocarbons is quite diverse including well-known materials such as 
carbon nanotubes, fullerenes, nano-carbon black, and nanodiamonds. Carbon-based 
nanoparticles have attracted significant attention due to their unique physical, chemical, 
and electrical properties and have potential application in various fields. Applications of 
the nano-carbon materials mainly depend on the degree of the dispersion of the nano-
carbon materials into the related medium, such as aqueous phase, organic phase, or 
polymer materials. Their low solubility, poor wettability and bad dispersibility in 
common solvents and solid matrices have limited their processing and applications. For 
example, pristine CNTs and NDs are rather inert to chemical attack and difficult to 
disperse or dissolve in water and other organic solvents. Some level of functionalization 
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is therefore, required prior to their utilization in real-world applications. Thus, the attempt 
to achieve wettable/processable nanocarbons by functionalization has attracted increasing 
attention in both scientific and industrial communities and various nanomaterials have 
been functionalized using diverse techniques (Esumi et al., 1996). Several routes/methods 
to functionalization have been reported (Kuzmany et al., 2004) but non-covalent 
wrapping/adsorption (Hu et al., 2006; Zhang et al., 2006; Zhang et al., 2012) and covalent 
tethering (Valentini et al., 2005; Grujicic et al., 2007; Chang and Liu, 2009; Basiuk et al., 
2012) are the two main routes which have been extensively investigated. As a typical 
kind of nanomaterials, this thesis will focus on chemical functionalization of CNTs and 
NDs. Surface functionalization techniques include tethering, such as, amidation (Huang 
et al., 2002) and sidewall carboxylic acid functionalization (Peng et al., 2009) in 
particular. 
1.6.1 Carbon Nanotube Functionalization 
The unique properties of CNT such as high aspect ratio, extremely high mechanical 
strength but ultra-light, high thermal conductivity, high stability, and rich electronic 
properties make it desirable for different applications. Carbon nanotubes in their pristine 
form are generally chemically stable and insoluble in water or organic solvents. For most 
of the real world applications, nanotubes require the preparation of homogenous mixtures 
of CNTs with different organic, inorganic, and polymeric materials. Some level of 
functionalization is therefore necessary, such as changing some of the graphite properties 
to make nanotubes soluble in different media, or attaching certain molecules to their 
sidewalls without significantly changing their physical/electronic properties for future 
utilization of modified nanotubes. All functionalization methods of CNTs can be divided 
 
 
18 
 
into two major group endohedral (Functionalization from inside) or exohedral (chemical 
functionalization from outside). Endohedral functionalization of the CNTs involves the 
filling of the tubes with atoms or small molecules. Exohedral functionalization can be 
achieved via covalent functionalization by attaching functional groups to the nanotube 
ends or defects and sidewall functionalization or via noncovalent functionalization via 
wrapping nanotubes by polymers. 
 Covalent functionalization of CNTs is based on covalent linkage of functional 
entities, either at the end caps of the tubes or sidewalls. This can involve either a direct 
covalent functionalization where a change in hybridization from sp
2
 to sp
3
 and a 
simultaneous loss of conjugation occurs, or defect functionalization where chemical 
transformations occur at defect sites already present at the open ends or the sidewalls, or 
pentagon and heptagon irregularities in the graphene framework. Oxygenated sites, 
formed through the oxidative purification, have also been considered as defects. Non-
covalent functionalization on the other hand involves supramolecular complexation using 
various adsorption forces, such as van der Waals’ and π-stacking interactions (Hirsch and 
Vostrowsky, 2005). The CNTs have also been functionalized by attaching biological 
molecules, such as, lipids, proteins, and biotins (Petrov et al., 2004). These may even 
mimic biological functions, such as, protein adsorption or binding to DNA/drug 
molecules (Chen et al., 2001;  art nez et al., 2009). Polymers, such as, 
polyaminobenzoic sulfonic acid (PABS), polyimide, and polyvinyl alcohol (PVA) and 
polyvinyl pyrrolidone (PVP) (O'Connell et al., 2001; Ntim et al., 2011) have also been 
used to functionalize CNTs via wrapping or chemical bonding. 
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1.6.2 Nanodiamond Functionalization 
Another class of carbon based nanomaterials which possess unique physical and chemical 
properties are NDs. NDs are first identified in the 1960’s in Soviet Union (Shenderova et 
al., 2002a) are now reaching world-wide attention due to their unique properties and 
easily modified surfaces. NDs are known to be for their extreme hardness, chemical 
inertness, high thermal conductivities, wide optical transparency and other unique 
properties. NDs have been synthesized via detonation technique, laser ablation (Yang et 
al., 1998), high-energy ball milling of high-pressure high-temperature (HPHT) diamond 
microcrystals (Boudou et al., 2009), plasma-assisted chemical vapour deposition (CVD) 
(Frenklach et al., 1991) autoclave synthesis from supercritical fluids (Gogotsi et al., 
1996), chlorination of carbides (Welz et al., 2003), ion irradiation of graphite (Daulton et 
al., 2001), electron irradiation of carbon onions (Banhart and Ajayan, 1996) and 
ultrasound cavitation (Galimov et al., 2004). Among these, NDs produced by detonation 
method have made the ND powder commercially available in ton quantities which 
enabled many engineering applications. They are most commonly synthesized through 
mixtures of trinitrotoluene (TNT) and 1, 3, 5-trinitro-1, 3, 5-s-triazine (RDX), in a 
negative oxygen balance chamber.  
 The DND has the smallest particle sizes among particulate synthetic diamonds, 
mainly in the range of 4 to 5 nm. Compared to other carbon based nanomaterials NDs 
consist of a three-layered structure such as a core (sp
3
 atoms) which includes 70-90 % 
carbon atoms and has a size of 40-60 A
o
, an
  
intermediate shell of amorphous carbon (sp
2
 
atoms) around the shell which consists 10-30 % carbon atoms and a surface layer which 
contains heteroatoms in addition to carbon. The number of heteroatoms may be quite 
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large, about 10 % of the particle mass and most of them are oxygen atoms  (Krüger et al., 
2005). DND materials have a wide variety of surface groups that are naturally present on 
the particles’ surface due to detonation and post-detonation procedures (Kulakova, 2004).  
As a result, DNDs are unique among their larger carbon classification since they may 
contain a multifaceted collection of chemical groups, often including hydroxyl, 
carboxylic acids, esters, ethers, lactones, amines and more (Shenderova and Ciftan Hens, 
2010).  
 Such various functional groups can be used for covalent functionalization as well 
as can create a barrier to attach certain groups on the DND surface. The surface-
modification of DND can be achieved via combining the physical properties of DND 
crystals and chemical properties of organic functional groups attached to the DND 
surface by using same approaches which have been used to functionalize CNTs. 
Although, some unique properties of DND such as low electric conductivity, surface 
heterogeneity due to presence of several oxygen containing groups and low solubility in 
different solvents make DND functionalization quite challenging in compare to CNTs. 
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CHAPTER 2 
 
ANTISOLVENT PRECIPITATION OF HYDROPHOBIC FUNCTIONALIZED 
MULTIWALL CARBON NANOTUBES IN AQEUOUS ENVIRONMENT 
 
2.1 Introduction 
The industrial production of carbon Nanotubes (CNTs) has increased quite dramatically 
in recent years, because they have found a variety of new commercial applications. These 
applications increase the likelihood of environmental contamination. Pristine CNTs tend 
to settle out of aqueous media into solid phases such as river sediments. On the other 
hand, hydrophilic, functionalized CNTs (f-CNTs) may persist in aquatic 
media/environment and can serve as water pollutants.  Therefore, the understanding of 
their fate in aqueous media is of great importance. 
 Numerous approaches have been employed to disperse CNTs in aqueous as well 
as nonaqueous media. The most common approaches include the use of surfactants (Sun 
et al., 2002), covalent functionalization of CNT surface (M. F. Islam, 2003; Kang et al., 
2006) and noncovalent interactions with different polymers including DNA (Daniel et al., 
2007; Yang et al., 2007; Noguchi et al., 2008; Kharisov et al., 2009). The f-CNTs can be 
classified as hydrophilic and hydrophobic, where the former is water dispersible and the 
latter is soluble in organic solvents. Examples of water dispersible CNTs are 
carboxylated and hydroxylated CNTs, while the latter includes aminated and other 
hydrophobic functionalities. 
 Understanding the colloidal behavior of CNT dispersions can be useful in 
studying their fate and transport in the aquatic environment and several publications have 
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addressed this issue (Saleh et al., 2008; Smith et al., 2009). Aggregation kinetics of CNTs 
has been studied using time-resolved dynamic light scattering (TRDLS), Raman 
spectroscopy, Zeta potential measurements, and UV-Visible spectroscopy (Chiang et al., 
2001; Peng et al., 2009). Aggregation of carboxylated CNTs in the presence of different 
salts has demonstrated that (Manivannan et al., 2009) precipitation is dependent on the 
charge on the cations, and in general these nanoparticles have followed the well-
established DLVO theory (Derjaguin and Landau, 1993; Verwey and Overbeek, 1999). 
While the water dispersibility of covalently functionalized CNTs originates from 
electrostatic repulsive forces between negative surface charges, polymer wrapped CNTs 
are stabilized sterically by the presence of the hydrophilic polymer on the surface. Studies 
have shown that the aggregation behavior of such polymer wrapped CNTs is quite 
different from covalently functionalized CNTs (Ntim et al., 2011). 
 The interest in water dispersible CNTs as water pollutants has grown, but the 
behavior of hydrophobic, organic soluble f-CNTs has not been addressed. Under normal 
circumstances, one would expect these f-CNTs to settle out of an aqueous media. 
Unexpectedly, waste water from manufacturing plants could potentially carry dispersed 
hydrophobic f-CNTs in presence of organic solvents into water resources leading to their 
antisolvent precipitation. Such precipitation occurs due to supersaturation caused by 
mixing of a solution and an antisolvent (Zhang et al., 2009). Precipitation occurs 
instantaneously by rapid desolvation of the solute and under the right circumstances 
could form stable colloids. Accordingly, it is conceivable that under appropriate 
conditions, these f-CNTs may be stabilized in aqueous media where they will serve as 
water pollutants. The precipitation and stabilization of hydrophobic f-CNTs in aqueous 
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media is yet to be studied, and it is conceivable that it will be affected by various 
parameters such as the type of solvent and the presence of other electrolytes. Moreover, 
the dispersion mechanisms are expected to be quite different from the hydrophilic f-
CNTs studied before (Ntim et al., 2011), and it is not known if the conventional 
approaches such as the DLVO theory would be applicable here.   
 This chapter describes the possibility of antisolvent precipitation of hydrophobic, 
organic soluble f-CNTs where water acts as an antisolvent. Particularly focus was on to 
stydy their aggregation behavior and mechanisms in the aqueous media, and see if they 
are significantly different from their hydrophilic counterparts. 
2.2 Preparation of F-CNTs 
Carboxylate multiwalled carbon nanotubes (MWCNT-COOH) and Octadecylamine 
functionalized multiwalled carbon nanotubes (MWCNT-ODA) were functionalized in a 
Microwave Accelerated Reaction System (Mode: CEM Mars) fitted with internal 
temperature and pressure controls according to an experimental procedures previously 
published by (Chen and Mitra, 2008). A pre-weighed amount of purified MWCNT was 
treated with a mixture of concentrated H2SO4 and HNO3 solution by applying them to 
microwave radiation at 140 °C for 20 min. This led to the formation of carboxylic groups 
on the surface leading to high aqueous dispersibility. The resulting solid was filtered 
through a 10μm membrane filter, washed with water to a neutral pH and dried under 
vacuum at 80 °C to a constant weight. 
 The MWCNT-COOH was used as the starting material to synthesize organic 
dispersible MWCNTs. In reaction vessel pre-weighed amount of MWCNT-COOH was 
mixed with thionyl chloride (SOCl2) and Dimethylformamide (DMF). The reaction 
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vessel was subjected to microwave radiation around 70 °C for 20 min. The final 
suspension was filtered and washed with Tetrahydrofuran (THF) until there was no 
brown color in the solution. These solids were dried in a vacuum oven at room 
temperature for 12 h and it converted to MWCNT-COCl product. After that, this product 
mixed with pre-weighed octadecylamine (ODA) and heated in the microwave reaction 
vessel at 120 °C for 10 min. The reaction vessel was placed at room temperature and the 
excess ODA was removed by washing with hot ethanol several times. The remaining 
solids were filtered. The unreacted ODA was washed with dichloromethane. The 
resultant black residue (MWCNT-ODA) was dried at room temperature under vacuum to 
obtain final product. This product is soluble in THF, Ethanol, Acetone and Acetonitrile 
(ACN). 
2.2.1 Characterization of the MWCNT-ODA 
The materials were characterized by scanning electron microscope (SEM), thermo 
gravimetric analysis (TGA), and Fourier Transform Infrared spectroscopy (FTIR). SEM 
data was collected on a LEO 1530 VP Scanning Electron Microscope equipped with an 
energy-dispersive X-ray analyzer. TGA was performed using a Pyris 1TGA from Perkin-
Elmer Inc. from 30 °C to 900 °C under a flow of air at 10mL/min, at a heating rate 10 °C 
per min. FTIR measurements were carried out in purified KBr pellets using a Perkin-
Elmer (Spectrum One) instrument. 
2.2.2 Dispersibility Studies 
A 1000 mg l
-1 
stock solution of MWCNT-ODA was prepared by sonicating pre-weighed 
amount of the MWCNT-ODA in THF, ethanol, acetone, ACN solvents. Various 
concentrations were then prepared by diluting the stock solution by ultrasonication. For 
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dispersibility study, solvent/water ratio was altered by changing the amount of water. The 
hydrodynamic diameter was measured using a Malvern Instrument (Zetasizernano ZS90). 
A 400 mM stock solution of sodium chloride (NaCl) was prepared by dissolving weighed 
amount of salt in MilliQ water. Dilutions were carried out as needed. Aggregation data 
was collected using 1mg L
-1 
dispersion of the MWCNT-ODA in the presence of 
electrolyte solutions whose concentration ranged between 10 and 200 mM. The 
measurements were performed for a time period ranging from 120 s to 3 h. It should be 
noted that the Dynamic Light Scattering (DLS) system used here models hydrodynamic 
radius based on the diffusion of the particles, and the latter depends on viscosity. With 
the exception of ethanol, the viscosity of rest of the solvents were between (0.38 and 0.55 
cP), while ethanol was 1.1 cP. Since the maximum concentration of solvent was no more 
than 12%, the effect of viscosity is considered to be negligible, and it is assumed that the 
particle sizes are acceptable on a relative basis.   
2.3 Results and Discussion 
2.3.1 Characterization 
SEM images of original MWCNT and MWCNT-ODA are presented in a and 2.1b. These 
show that the nanotube structures were maintained without visible tube damage during 
functionalization process.  
 The IR spectrum (Figure 2.2 b) confirmed the presence of functional groups in the 
MWCNT- ODA. The peak around 1573 cm
-1
 was assigned to the C=C stretching of the 
carbon skeleton. The sharp peak around 1639 cm
-1
 was attributed to stretching vibrations 
of the amide group. The peak around 1735 cm
-1 
was attributed to the stretching vibration 
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of C=O group. The sharp peaks at 2847 cm
-1
 and 2921 cm
-1
 were attributed to the 
stretching vibration of alkyl chain from ODA (Figure 2.2b). A FTIR spectrum confirms 
the successful grafting of ODA on carboxylate carbon nanotubes. 
 
   
Figure 2.1 SEM images of (a) MWCNT (b) MWCNT- ODA. 
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Figure 2.2 FTIR spectra of (a) purified CNT and (b) MWCNT-ODA.  
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 The TGA was used to quantify the degree of functionalization and is presented in 
Figure 2.3. The weight loss in the 100 
o
C to 400 
o
C in MWCNT-ODA profile was 
attributed to the decomposition of ODA group. The ODA accounted for 19.3% of the 
total weight in the MWCNT-ODA. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 TGA of (a) purified MWCNT, (b) MWCNT-ODA (c) pure ODA. 
2.3.2 Antisolvent Precipitation of MWCNT-ODA in Aqueous Media 
The MWCNT-ODA solutions were prepared in THF, ethanol, acetone, ACN and toluene. 
Among the solvents studied, the MWCNT-ODA had the least solubility in toluene, and it 
was not used for further investigations. The presence of an organic solvent is a key factor 
because it affects miscibility in water as well as the degree of supersaturation. Here, the 
effect of solvents on the antisolvent precipitation was studied. When MWCNT-ODA 
solution (in an organic solvent) was mixed with water, antisolvent precipitation of 
MWCNT-ODA occurred but the nanotubes remained dispersed. Without addition of 
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oppositely charged molecules a colloidal suspension could stay stable for long periods of 
time. This demonstrates that when discharged into the aquatic environment, the organic 
soluble CNTs can form stable dispersions and serve as potential water pollutants. 
Photographs of MWCNT-ODA dissolved in THF (a), antisolvent precipitated (c) and 
precipitated MWCNT-ODA in presence of NaCl (d) are shown in Figure 2.4. The 
MWCNT-ODA was not soluble in water (Figure 2.4 b).  
 
 
Figure 2.4 Photographs of (a) MWCNT-ODA dispersed in THF Solvent (10ppm); (b) 
precipitation of   MWCNT- ODA in water; (c) dispersed MWCNT-ODA after antisolvent 
precipitation; (d) partial precipitation of dispersed MWCNT-ODA after addition of NaCl. 
 
 Figure 2.5 shows the particle size distribution of stable MWCNT-ODA colloid in 
aqueous medium and in the presence of different solvents. The dispersibility of 
MWCNT-ODA showed similar trend in acetone and ethanol but the behavior was 
markedly different in THF and ACN. When water was added as an antisolvent, it reduced 
the solubility of MWCNT-ODA and increased the supersaturation to form particles. The 
level of supersaturation depended upon two factors, namely the concentration of 
dissolved species and the solvent–antisolvent ratio (Dong et al., 2011). These factors 
influenced the nucleation and growth rates of the particles. The particle size distribution 
(a) (b) (c) (d) 
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in presence of ethanol and acetone did not appear to be affected by the solvent/water 
ratio; but THF appeared to have significant effect. The difference in dispersibility in 
presence of THF may be attributed to polarity and hydrogen bonding of the solvent, 
which are presented in Table 2.1.  
Table 2.1 Hansen Parameters for Solvents 
 
Solvents Polar Component (δp) Hydrogen Bond(δH) 
THF 5.7 8 
Ethanol 18.8 19.4 
Acetone 10.4 7 
Acetonitrile 18 6.1 
 
 
Figure 2.5 Particle size distribution of MWCNT-ODA in solvent/water mixtures 
containing 10 ppm of MWCNT-ODA in four solvents. 
 
 Based on the Hansen solubility parameters presented here, THF had the lowest 
value of δp (polar component) and was least miscible in water (Ausman et al., 2000). The 
miscibility of the solvent and antisolvent is an important criterion in antisolvent methods 
and it is well known that when the solubility in water decreases faster aggregation and 
sedimentation occur (Lee et al., 2007). As a result, the agglomeration of the MWCNT-
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ODA was maximum in the THF/water system. On the other hand, ACN/water system 
showed a different trend at higher concentration. When the concentration increased, the 
supersaturation degree increased and more MWCNT-ODA precipitated which led to the 
larger particle size. 
2.3.3 Long Term Stability of MWCNT-ODA 
The stability in terms of particle size distribution of the precipitated MWCNT-ODA as a 
function of time is shown in Figure 2.6. These measurements were carried out at lower 
concentrations. The trend was similar in the concentration range of 1.66 to 10 ppm, and 
only these two concentrations are presented here for brevity. It was observed that 
MWCNT-ODA dispersion in four water/solvent mixtures was stable over the 24 hour 
measurement period. Mean particle diameters ranged from 170 to 400 nm, and were 
different for four solvent/water mixtures.  
 The main driving force for antisolvent precipitation process is the supersaturation 
generated by different solubility of a solute in the solvent and antisolvent. Typically, 
when solute concentration is increased, more nuclei are produced in the solvent–
nonsolvent interface resulting in the inefficient mixing of solvent and antisolvent and 
therefore larger particles are formed (Tóth et al., 2005). This was observed in presence of 
ACN, where larger particles were formed at higher concentration. Nonetheless, the trend 
was opposite for the THF/water, acetone/water and ethanol/water systems. Here the 
particle size appeared to decrease with increasing MWCNT-ODA concentrations. In 
these three systems supersaturation occurred at lower concentrations of MWCNT-ODA 
leading to the formation of larger particles. However, at higher concentration of 
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MWCNT-ODA some of these large particles may have settled out of the solution, and the 
dispersed particles showed a smaller particle size distribution (Meng et al., 2009). 
 
 
 
 
 
 
 
Figure 2.6 Particle size distribution of MWCNT-ODA in (a) 1.66 ppm concentration of 
MWCNT-ODA and in (b) 10 ppm concentration as a function of time. 
 
2.3.4 Effect of Salt on the Stability of MWCNT-ODA Dispersion 
Figure 2.4 (d) shows the precipitation of MWCNT-ODA on the addition of sodium 
chloride (NaCl). It can be seen that, the presence of NaCl led to further agglomeration and 
the particle size of MWCNT-ODA precipitates increased in all solvent/water systems. 
This is seen in Figure 2.7, which shows that the particle size increased with salt 
concentrations. With the exception of the ethanol/water system, the observed increase in 
particle size was similar to the behavior of PVP wrapped multiwall carbon nanotubes in 
the presence of sodium chloride, where size increase was gradual even at high salt 
concentration. It was opposite to the behavior of carboxylate MWCNTs where a drastic 
increase in particle sizes was observed with increasing salt concentration (Addo Ntim et 
al., 2011). This increase was maximum for the ethanol/water and THF/water systems. 
While acetone/water and ACN/water systems showed relatively lower agglomeration. 
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Ethanol has the highest hydrogen bonding and also the highest electron pair donor ability 
compared to the other solvents (Ausman et al., 2000), and hence higher solubility with 
water (Table 2.1). As a result, when electrolyte was added to the ethanol dispersion of 
MWCNT-ODA, the agglomeration was maximum. On the other hand THF has least 
polarity (Table 2.1) and hence least miscibility with water. And so, when MWCNT-ODA 
added to THF/water system higher supersaturation and faster crystal growth occurred in 
presence of electrolyte and which leads to agglomeration of the particles.  
 
Figure 2.7 Particle size distribution of MWCNT-ODA in solvent/water mixtures as a 
function of salt concentration. 
 
The effect of salt species in a solvent/water mixture depends on the interaction of 
the disperse molecules with the solvent, the binding of water molecules to solvent, and 
changes in the hydrogen bonding interaction due to the added salt. The addition of an 
electrolyte also changes the hydrogen-bonded structure of water. The addition of salt into 
solvent/water mixture dispersion changed the association and could disrupt the highly 
oriented water molecules surrounding the solvent as well as disperse molecule leading to 
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change in the system (Addo Ntim et al., 2011). The positively charged metal ion from the 
salt can also neutralize the surface charge on MWCNT-ODA, and compress the double 
layer of the dispersed nanotubes. This could reduce the electrostatic repulsive forces 
which were present due to the delocalization of electrons in amide group and led to 
precipitation (Chiang et al., 2001; Peng et al., 2009; Smith et al., 2009). 
2.3.5 Aggregation of MWCNT-ODA in Presence of Electrolyte 
The aggregation kinetics of MWCNT-ODA in the presence of NaCl for four 
solvent/water systems were examined using time resolved dynamic light scattering 
method. Aggregation kinetics was measured by monitoring the time-dependent increase 
in hydrodynamic radius (rh). The initial aggregation rate constant (k) of MWCNTs is 
proportional to the initial rate of increase in the hydrodynamic radius (rh) and inverse of 
MWCNT-ODA concentration (n0). The attachment efficiency (α) which is the reciprocal 
of stability ratio 1/W for suspensions were computed by using equation 2.1 
 
  
 
      
  
 
   
 
      
  
 
        
 
(2.1) 
 
 Where  
      
  
 
   
 and  
      
  
 
        
 represent the slow and fast aggregation 
regimes respectively. The fast aggregation also represents the favorable aggregation 
regime. Figure 2.8 shows the attachment efficiency, which is a measure of the ratio of the 
initial slope of the aggregation profile in a given solution system to the slope obtained 
under fast aggregation conditions. 
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 According to DLVO theory, in the low concentration region, an increase in 
attachment efficiency is normally observed with increase in salt concentration, while at 
high concentrations, the attachment efficiency is no longer a function of concentration 
and remains constant. This is due to the decrease in the electrostatic repulsion. According 
to Figure 2.8, the attachment efficiency increased linearly with time during the initial 
stages of aggregation. However, for all the solvent/water systems, it did not reach a 
steady state. This was quite different from what has been previously reported for water 
dispersible CNTs (Addo Ntim et al., 2011). Thus it was evident that unlike hydrophilic 
CNTs (Addo Ntim et al., 2011), the antisolvent precipitated hydrophobic CNTs did not 
follow the DLVO theory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Attachment efficiency of MWCNT-ODA in (a) THF/water (b) 
ethanol/water(c) acetone/water (d) ACN/water in presence of electrolyte. 
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 All the four systems showed different behavior in the higher salt concentration 
regions and the critical coagulation concentration (CCC) could not be estimated 
according to the DLVO theory. However, if the point where the kinetic curve changes 
slope is taken as a pseudo CCC value, then they would be  90 mM, 55 mM, 60 mM, and 
30 mM for THF/water, ethanol/water, acetone/water and ACN/water respectively. These 
pseudo CCC values were significantly lower than CCC values observed for highly 
hydrophilic carboxylate and polymer wrapped MWCNT reported before (Smith et al., 
2009; Addo Ntim et al., 2011). The CCC values represent the minimum salt 
concentration required to form agglomeration of the particles in the system. Higher CCC 
values represent the shorter settling rate. Based on these values, the THF/water system 
showed better long term stability in presence of electrolyte. 
2.4 Conclusions 
The precipitation and stabilization of hydrophobic, organic soluble F-CNTs in aqueous 
media was studied, where water acted as an anti-solvent for their precipitation.  MWCNT-
ODA served as the model F-CNT and results with THF, acetone, acetonitrile and ethanol 
suggest that the organic soluble F-CNTs can form stable dispersions in water where the 
solvent affects the dispersibility. Particle aggregation increased with the addition of 
electrolytes, with THF and ethanol showing the maximum effect and typical particle sizes 
ranged from 170 to 400 nm. The understanding of the aggregation behavior of these F-
CNTs can be useful in predicting their fate and transport in aquatic environments. 
 It is interesting to note that unlike hydrophilic CNTs, the anti-solvent precipitated 
hydrophobic CNTs did not follow the DLVO theory. The four systems studied here 
showed different behavior and the CCC values could not be estimated according to the 
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DLVO theory. A pseudo CCC value was defined as the point where the kinetic curves 
changed slope, and they were found to be 90, 55, 60, and 30 mM for THF/water, 
ethanol/water, acetone/water and ACN/water respectively. These pseudo CCC values 
were significantly lower than CCC values observed for highly hydrophilic f-CNTs 
reported before. Among the solvents studied, the THF/water system showed the best long 
term stability in presence of electrolytes. 
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CHAPTER 3 
MICROWAVE INDUCED CARBOXYLATION OF NANODIAMONDS 
3.1 INTRODUCTION 
The relatively inexpensive large scale production of Nanodiamonds (NDs) by a 
detonation synthesis process has made them commercially viable for a broad range of 
applications (Dolmatov et al., 2004; Kruger et al., 2006; Dolmatov, 2007; Kharisov et al., 
2010; Mochalin et al., 2012). NDs have tetrahedral network structures, small size (5-10 
nm) (Greiner et al., 1988), large grain boundary and density (Zapol et al., 2002) and low 
to negative electron affinity (He et al., 2000)which makes them attractive for diverse 
applications ranging from additives to drug delivery (Dolmatov, 2001; Wang et al., 2003; 
Baidakova and Vul, 2007; Osawa, 2008; Williams et al., 2008; Burleson et al., 2009). 
The optical transparency and wide band gap make NDs semiconductor material with a 
wide range of electronic applications (Turner et al., 2009), while the combination with 
high mechanical strength, stiffness, light weight and low coefficient of friction makes 
them suitable for the fabrication of structural composites (Choi et al., 1996; Chong et al., 
2006; Maitra et al., 2009). NDs comprise of a diamond core (sp
3
), middle core (sp
2+x
) and 
a graphitized core (sp
2
) (Nagata et al., 2010). The applications of most nanocarbons 
including NDs have been limited because of inherent incompatibility with solvents, 
polymers and other matrices.  
 The NDs are resistant to chemical attack and some level of functionalization is 
needed for their processing, especially in solution phase. Functionalization of Detonation 
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nanodiamonds (DND) has been studied based on the physical properties of the diamond 
core and chemical properties of surface functional groups. The outer surface contains 
many dangling bonds that facilitate various covalent bondings. Several techniques have 
been developed for surface modification for NDs including the mechanical disruption of 
the bundles, non-covalent (Yu et al., 2005; Nguyen et al., 2007) and covalent methods 
(Maitra et al., 2008). Much of the efforts have involved usage of conventional chemical 
techniques such as milling (Osawa, 2008; Gour, 2010) sonication and refluxing 
(Kulakova, 2004; Krüger et al., 2005; Li et al., 2006; Gour, 2010). 
 Many of these reactions were required to be carried out over long periods of time. 
For example, for carboxylation, the reaction mixture was typically refluxed with strong 
acids or oxidizing agents for 10-50 hr (Kulakova, 2004; Kruger et al., 2006; Li et al., 
2006; Jee and Lee, 2009). One of the first modification techniques developed by 
Shenderova and his group used radical based reactions under wet chemical treatments 
where the hydrogen atom was removed to create a free radical species for binding 
carboxylic acids (Shenderova et al., 2002b). Ushizawa and his group used gas phase 
functionalization method based on reaction with chlorine, fluorine and hydrogen gas 
phase to generate surface functional groups(Ushizawa et al., 2002). Tu and his group 
used thermally annealed NDs with CCl4/Ar mixtures to generate surface functional 
groups (Tu et al., 2006). Non-covalent functionalization of NDs has been carried out by 
attaching surfactants, peptides, proteins and polymers on the NDs surface (Loktev et al., 
1991; Huang and Chang, 2004; Spitsyn et al., 2006; Zhu et al., 2007; Schrand et al., 
2009; Neitzel et al., 2011).  Most of the above mentioned methods are tedious, time 
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consuming and are having some drawbacks and hence it is important to develop 
techniques for rapid chemical functionalization of NDs. 
 Reactions under the microwave radiation are somewhat different, faster and have 
been exploited in a variety of organic synthesis procedures with reported advantages of 
higher yields and selectivity (Caddick, 1995; Bogdal et al., 2003; Wiesbrock et al., 2004). 
There is also the reported microwave effect which is known to alter chemical activation 
parameters (Hens et al., 2008). Microwave assisted functionalization of MWCNTs and 
SWCNTs via carboxylation, amidation, sulfonation and other reactions has been reported 
by Chen et al. and Wang et al. has shown some excellent advantages such as reduction of 
reaction times from hours to minutes (Wang et al., 2005b; Chen and Mitra, 2008).  
 Due to a large number of surface defects and a large surface/volume ratio, DNDs 
tend to exhibit higher surface reactivity compared to other carbon nanostructures such as 
CNTs. In fact, the graphene structures in CNTs have high electrical conductivity which 
makes them highly microwave active, while the NDs are semiconductors and their low 
electric conductivity (0.2987x10
-12
 s/cm) reduces their microwave activity. Consequently, 
mainly the sp
2
 bonded surface carbon atoms are the major contributor towards microwave 
heating. This puts NDs in a unique position, at one hand they are more reactive, but the 
other hand they are less microwave active. However, the possibility of microwave 
induced functionalization which could lead to the shortening of reaction time, and higher 
degree of functionalization could provide major advantages.  
 This chapter focuses on the microwave assisted functionalization of DND, with 
the possibility of higher dispersion in an aqueous matrix. Of Particular interest is 
carboxylation, which is the basic first step for the synthesis of other functional groups. 
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3.2 Carboxylation of DNDs 
DNDs were functionalized in a Microwave Accelerated Reaction System (Mode: CEM 
Mars) fitted with internal temperature and pressure controls. The 100 mL reaction 
chamber was lined with Teflon PFA
®
 with an operating range of 0∼200 0C and 0∼200 
psi. The as-received nanodiamonds were referred as DND and were treated with 1:1 70% 
nitric acid and 97% sulfuric acid in microwave reaction vessels. Various power and time 
and reaction times were tested, and the carboxylated NDs were referred to as DND-
COOH. The resulting solid was filtered through a 10μm membrane filter, washed with 
water to a neutral pH and dried under vacuum at 80 °C to a constant weight. 
3.2.1 Characterization of DNDs 
The materials were characterized by scanning electron microscope (SEM), X-ray 
diffraction (XRD) and Fourier Transform Infrared spectroscopy (FTIR). SEM 
measurements were made by applying a drop of the ND dispersions on the sample holder 
and data was collected on a LEO 1530 VP Scanning Electron Microscope equipped with 
an energy-dispersive X-ray (EDX) analyzer. The X-ray diffraction measurements were 
carried out by scanning the 2θ range from 5 degree to 149 degree using CuKα 
(λ=0.15406 nm) radiation as the light source. FTIR measurements were carried out in 
purified KBr pellets using a Perkin-Elmer (Spectrum One) instrument.  
3.2.2 Particle Size and Zeta Potential Measurements 
A 100 mg/L
 
stock solution of DNDs and DND-COOH were prepared by sonicating pre-
weighed amount of the DND materials in MilliQ water. From that various concentration 
were prepared to study dependency of zeta potential and particle size on sample 
concentration. Samples were sonicated for 30 minutes and measurements were carried 
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out on Malvern Instrument (Zetasizernano ZS90). Solubility was measured by dispersing 
2 mg of both ND materials in 20 ml of selected solvents by sonicating for 2 hrs. The top 
15ml of the solution, containing most dissolved samples, were decanted and the solvent 
evaporated. The obtained residue was weighed and the solubility was calculated in mg/L. 
3.3 Results and Discussion 
Unlike the CNTs and other carbon nanomaterials, DNDs are composed of three layers, a 
diamond core (sp
3
) which includes 70-90% of carbon atoms, an intermediate core which 
may include 10-30% amorphous carbon atoms and a chemically active surface layer. For 
example, an individual ND grain measuring 4.3 nm in diameter is reported to consist of 
about 7200 carbon atoms, of which nearly 1100 are on the surface (Shenderova et al., 
2002b). Surface of NDs prepared by detonation process are known to contain a wide 
variety of functional groups and in this case contained significant amount of oxygen. The 
surface functionalities and oxygen content were confirmed using FTIR and EDX and are 
presented below. 
 Microwave heating occurs either by dipolar polarization or via conduction or 
joule heating ((Thostenson and Chou, 1999; Motshekga et al., 2012). During the 
microwaved induced liquid phase oxidation, the ionic and dipolar molecules such as 
water undergo collision induced heating caused by rapid vibration. Graphite, carbon 
nanotubes and other graphene and amorphous carbon structures are known to be strong 
absorbers of microwave, heat via conduction and serve as superheated centers that are 
extremely reactive. Subsequently, microwave induced CNT functionalization has shown 
fast kinetics and high degree of functionalization (Wang et al., 2005b; Wang et al., 2006; 
Chen and Mitra, 2008). For the DNDs studied here, the sp
2
 carbon atoms are strong 
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microwave absorber, whereas the core sp
3
 is relatively less microwave active. As a result, 
it was anticipated that the DNDs would behave differently than other nanocarbons such 
as nanotubes and graphite. Different reaction temperatures and oxidation times were 
tested for microwave induced oxidation of P-NDs. Most of them led to negative results 
implying that the functionalization did not occur or the level was unsatisfactory.  For 
example, CNTs are known to functionalize within 3 to 20 min functionalization (Wang et 
al., 2005b; Wang et al., 2006; Chen and Mitra, 2008), but that was not possible with the 
DNDs. Carboxylation was achieved at 95% of a total of 1600 watts power, the 
temperature setting of 75 
o
C and reaction time of 1 hr. The reaction time was significantly 
longer than that encountered for CNTs. This is attributed to the low microwave 
absorption by the DNDs. 
3.3.1 Characterization 
Figure 3.2 shows the SEM images of DNDs (Figure 3.2 a) and DND-COOH (Figure 3.2 
b) respectively. From the figures it can be seen that no significant microstructural or 
morphological changes were observed on the particles after acid treatment. SEM images 
also revealed that DND-COOH showed no detectable damage to its structure. The 
primary diamond particles look spherical and partly agglomerated in both DND 
dispersions. Oxidation led to some color change, which can be seen in Figure 3.1. 
    
Figure 3.1 Photographs of (c) DND and (d) DND-COOH. 
(b) (a) 
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Figure 3.2 SEM images of (a) DND (b) DND-COOH 
 Elemental compositions were measured using Energy Dispersive X-ray analysis 
(EDX). The elemental compositions are presented in Table 3.1. It was noted that weight 
percent of oxygen (O) atom increased significantly (nearly tripled) after acid treatment, 
implying carboxylic group formation on the DND surface.Figure 3.3 shows the XRD 
pattern of both DND samples. As shown in Figure 3.3, the diffraction pattern of the DND 
have three broader peaks at 2θ=44, 73 and 92
o 
corresponding to the (111), (220) and 
(311) cubic diamond planes, which demonstrates that the DND crystal was cubic. Figure 
3.3 (b) shows that DND maintain their crystal structure after the acid treatment and was 
unaffected by the carboxylation. 
 
Table 3.1 Elemental Composition of DND Compounds 
 
 
 
 
 
 
 
Note: Commercial NDs and Carboxylated NDs were referred as DND and DND-COOH respectively. 
Elements DND    DND-COOH 
 Weight%    Atomic %     Weight%    Atomic % 
Carbon (C) 94.90            96.12    85.33          88.57 
Oxygen (O)  5.10             3.9   14.67          11.43 
(a) (b) 
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Figure 3.3 Powder X-ray diffraction spectra of (a) DND (b) DND-COOH. 
 The surface chemistries of NDs with and without strong acid treatments were 
characterized and compared by FTIR. Oxygen-containing surface groups such as 
hydroxyl, carboxylic, lactones, ketones and ethers are usually present on the 
nanodiamond particles surface and can be observed in Figure 3.3 (a).  Figure 3.3 (b) 
shows the FTIR spectra of the DND-COOH. For the commercial DND powder, the main 
features in the spectrum are related to C-H (2923 cm
−1
 stretch and 1382 cm
−1
 bend), O-H 
and N-H (1630 cm
−1
), COC (1107 cm
−1
) and O-H vibrations (3422 cm
−1
 stretch and 1630 
cm
−1
 bend), which have been assigned to surface functional groups such as aldehydes, 
esters, alcohols, acids and amines. For the DND-COOH powder, there are almost the 
same IR adsorptions as those of DND except COC peak which has shifted from 1107 to 
1117 cm
-1
. The significant peak appearance at 1728 cm
-1
 indicates the presence of 
carboxylic group on the DND surface confirms the conversions of original functional 
groups like ketones, aldehydes, alcohols and esters into carboxylic acids.   
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Figure 3.4 FTIR spectra of (a) DND and (b) DND-COOH. 
3.3.2 Colloidal Behavior of DND Dispersions 
Dynamic Light Scattering (DLS) was used to study the colloidal behavior of DNDs in 
aqueous as well as organic media. DNDs are known to agglomerate with the formation of 
primary and secondary structures due to the presence of a large number of functional 
groups. It is well known that primary DND particles are 4 to 5 nm in diameter, but they 
tend to agglomerate and form larger aggregates (Aleksenskiǐ et al., 1999). Due to the high 
specific surface area and electrostatic interactions, the DNDs are likely to aggregate into 
larger clusters, which are affected by carboxylation. However, the nanodiamond core 
which was unaffected by the carboxylation did not participate in this agglomeration 
process. The carboxylation reduced agglomeration in the aqueous phase.  The particle 
size distribution was measured after 30 min of sonication. Table 3.2 shows the particle 
size and solubility values for DND dispersions. From the data it can be observed that 
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particle size of the agglomerates was significantly lower after carboxylation leading to 
better dispersion. This was also true when Tetrahydrofuran (THF) and Dimethyl 
Sulfoxide (DMSO) were used as solvents, with the effects being most dramatic for THF. 
The DND had low solubility (or dispersibility) in all the solvents. Carboxylation 
improved solubility in water as well as in organic solvents and that can be observed in 
Table 3.2. 
 
Table 3.2 Particle Size and Solubility of DND Materials 
 
 
 
  
  
 The colloidal stability was also quantified by zeta potential measurements. The 
dependence of zeta potential and particle size on sample concentration is presented in 
Figure 3.5 (a) and (b). An increase in the absolute value of the zeta potential by several 
mV was observed as the sample concentration was increased and this was attributed to 
the dissociating surface groups on the ND surface. The results indicate that dissociation 
process was concentration dependent. The C-NDs consistently showed higher zeta 
potential. Figure 3.5(b) shows the particle size of both ND dispersions at different 
concentrations and it was observed that carboxylation reduced particle agglomeration. 
 
 Particle Size (nm) Solubility (mg/L) 
Solvents DND DND-COOH     DND DND-COOH 
Water  347.4 302.1   66.66 93.33 
THF  1199 403.5   106.66 173.33 
DMSO  582.1 
 
486.7      200 226.66 
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Figure 3.5 (a) Zeta potential (b) particle size as a function of DND concentration in 
water. 
3.4 Conclusions 
A fast, cost-effective and environmentally-friendly microwave-assisted method for the 
functionalization of DND is presented. FTIR measurements confirmed the presence of 
carboxylic group on the DND surface. The DND-COOH formed stable dispersion in 
aqueous as well as organic solvents, and showed higher solubility in water, THF and 
DMSO.  The solubility, dispersibility and stability improved by the functionalization, and 
the oxidized DND containing –COOH could be used for further functionalization via 
diverse synthetic routes. 
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CHAPTER 4 
AGGREGATION BEHAVIOR OF NANODIAMONDS AND THEIR 
FUNCTIONALIZED ANALOG IN AQUEOUS ENVIRONMENT 
4.1 Introduction 
Nanodiamonds produced by detonation of explosives under an oxygen-deficient 
atmosphere are becoming an increasingly important class of materials (Van Thiel and 
Ree, 1987; Greiner et al., 1988; Shenderova et al., 2002a). The DNDs have tetrahedral 
network structures, and the detonation DNDs comprise of a diamond core (sp
3
), a middle 
core (sp
2+x
) and a graphitized outer core (sp
2
) that is often partially oxidized. Large grain 
boundary density, low to negative electron affinity and small size of 5 to 10 nm makes 
them attractive to a variety of applications. The DNDs have found many applications in 
high precision polishing (Yu. Dolmatov, 2001), nanofluidic for thermal conduct polymer 
composites (Maitra et al., 2009), wear- resistant surface coatings (Chu et al., 2010), and 
biological applications (Gruen et al., 2005; Grichko et al., 2008).  
 The industrial production of DND has increased quite dramatically in recent years 
and the widespread use of this nanomaterial can be a source of environmental 
contamination. Another important consideration is that several routes have been explored 
to modify DND surface which help to achieve stable suspensions in polar and nonpolar 
solvents and allow other functionalities such as biomolecules to be attached (Krüger et 
al., 2005; Li et al., 2006; Shenderova et al., 2007; Schrand et al., 2009; Meyers et al., 
2013). Due to their small size, the DNDs are relatively stable in aqueous media, while 
their functionalized analogs may be even more stable. Consequently, these DNDs have 
the potential to contaminate water resources and be highly bioavailable. Considering 
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everything, there is a need to develop an understanding of the fate and transport of these 
DNDs in aqueous media. 
 Aggregation behavior of other nanoparticles such as carbon nanotubes (CNTs) 
and fullerene has been studied using time-resolved dynamic light scattering (TRDLS), 
Raman spectroscopy, zeta potential measurements, and UV–Visible spectroscopy 
(Chiang et al., 2001; Peng et al., 2009). Precipitation of the carboxylated CNTs and also 
the fullerene under the influence of different salts has shown that (Manivannan et al., 
2009; Smith et al., 2009) precipitation is dependent on the charge on the cations and in 
general these nanoparticles have followed the well-established Derjaguin–Landau–
Verwey–Overbeek (DLVO) theory (Derjaguin and Landau, 1993; Verwey and Overbeek, 
1999).  The stability and aggregation kinetics of DNDs is yet to be studied and this 
chapter focuses mainly on the colloidal behavior of DND and its carboxylated analogs 
(DND-COOH).  
 DND was functionalized in a Microwave Accelerated Reaction System (Mode: 
CEM Mars) fitted with internal temperature and pressure controls using a method 
published before (Desai and Mitra, 2013) which was briefly described in Chapter 3. Same 
materials were used further, to study aggregation kinetic and dispersibility in presence of 
electrolytes. 
4.2 Preparation of DND Dispersions 
Stock solutions (100 mg L
-1
) of DND and DND-COOH were prepared by sonicating pre-
weighed amounts of the DNDs in MilliQ water. Various concentrations of DND solutions 
used in this study were then prepared by diluting the stock solution by ultrasonication. 
Stock solutions (400 mM) of sodium chloride (NaCl) and magnesium chloride (MgCl2) 
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were prepared by dissolving weighed amounts of salt in MilliQ water and dilution was 
carried out on as needed basis. 
 The stability of 50 mg l
-1
 dispersions of both DNDs over a 24 h period was 
determined in the presence of 25 mM solutions of NaCl and MgCl2 using fluorescence at 
753.2 nm. This was measured at 0, 1, 2, 4, 6, and 24 h. Their dispersion stability indices 
were determined as a function of their fluorescence absorbance at 0 hr (Elimelech et al., 
1998; Ntim et al., 2011). 
 The hydrodynamic diameter of 1 mg L
-1 
DND dispersions was measured as a 
function of salt concentration at 25 
o
C using dynamic light scattering (Beckman Coulter 
N4 Plus submicron particle size analyzer, operated at 90
o
 detector angle), where the salt 
concentrations ranged from 10 to 200 mM. The Zeta potential of the DND dispersions 
was measured at a concentration of 5 mg L
-1
 at 25 
o
C using a Malvern Instrument 
(Zetasizernano ZS90). Measurements were made in MilliQ water and as a function of 
electrolyte concentration. Aggregation data for DND dispersions was collected using 1 
mg L
-1
 dispersions of DND and DND-COOH in the presence of electrolyte solutions 
whose concentrations ranged from 10 to 200 mM. The measurements were performed for 
a time period ranging from 90s to 2.5 h. 
4.3 Results and Discussion 
4.3.1  Particle size and Zeta potential Measurements 
 
Figure 4.1 (a) and (b) shows the particle size distribution of DND and DND-COOH in 
water as a function of salt concentration. As salt concentration was increased, 
agglomeration of the particles was observed which led to larger particle size. The DND 
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surface is characterized by surface heterogeneity where post synthesis processes lead to 
the formation of several oxygen containing chemical functional groups such as hydroxyl, 
carboxylic, lactones, ketones and ethers [Burleson et al. 2009]. On the other hand, 
functionalization process increased the uniformity of the DND surface, and the 
electrostatic repulsive forces between the DND-COOH groups may lead to increased 
stability in water. Adding salt to a colloidal suspension caused the double layer to shrink 
which led to agglomeration. It is interesting to note that in the case of both DNDs, 
particle size increased rapidly (almost three times) with the addition of as little as 10 mM 
of salt, and the increase was gradual at high salt concentrations (Figure 4.1). The rate of 
aggregation was much faster compared to what has been reported before for dispersed 
CNTs, where the rapid increase in agglomeration was observed only with the addition of 
100 mM of salt (Ntim et al., 2011). Also, in case of CNTs, particle size increased quite 
dramatic (nearly four times) in presence of divalent salts as compared to the  monovalent 
salts for CNTs and fullerenes (Kayser et al., 2005; Ntim et al., 2011) which was not the 
case for DNDs studied here.  
 Zeta potential values for both DND and DND-COOH at different salt 
concentrations were compared and are presented in Figure 4.2. Both showed relatively 
high zeta potential, and in the absence of any electrolytes, the zeta potential of the DND-
COOH was higher than DNDs. The high zeta potential was attributed to the presence of 
nonpolar carbonaceous species on the DND surface, which improved with further 
carboxylation, and led to higher colloidal stability for the latter. Addition of salt however 
resulted in rapid drop in zeta potential and the values for both types of DNDs were 
similar. In general, for the two DNDs studied here, the effect of the monovalent and 
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divalent salt on zeta potential was not significantly different, this was unlike what has 
been reported for CNTs and fullerenes (Kayser et al., 2005; Hussain et al., 2010). 
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Figure 4.1 Particle size distribution of DND and DND-COOH in presence of (a) NaCl 
and (b) MgCl2. 
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Figure 4.2 Zeta Potential of DND and DND-COOH in the presence of (a) NaCl and (b) 
MgCl2 . 
 
4.3.2 Aggregation and Long Term Stability Study of DNDs 
 Time-resolved dynamic light scattering was used to investigate the initial aggregation 
kinetics of both DND dispersions. Aggregation kinetics was measured by monitoring the 
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time-dependent increase in hydrodynamic radius (rh). The initial rate of change in particle 
size (rh) is proportional to initial aggregation rate constant (kno) where k is the initial 
aggregation rate constant and no is the initial concentration of the DND dispersions. The 
attachment efficiency (α) known as the inverse stability ratio (1/W) is used to quantify 
the aggregation kinetics of colloidal systems and computed by using Equation 2.1.  
 The attachment efficiencies at different electrolyte concentrations is a measure of 
the ratio of the slopes obtained under different solution conditions by the slope obtained 
under favorable (fast) aggregation conditions are shown in Figure 4.3. The terms with 
subscript “fast” refer to favorable (nonrepulsive) aggregation conditions. The graph 
shows the attachment efficiencies of the DND and DND-COOH in NaCl and MgCl2 as a 
function of salt concentration. Distinct unfavorable and favorable aggregation kinetics 
regimes demarcated by the critical coagulation concentration (CCC) (Figure 4.3) were 
observed. In the presence of electrolytes, both DND nanoparticles exhibit classical 
aggregation behavior, which can be explained by the Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory. At low electrolyte concentrations, particles have higher 
electrostatic repulsions resulting in unfavorable aggregation (slow aggregation). When 
the electrolyte concentrations approaches or exceed the critical coagulation concentration 
(CCC), attractive van der Waals forces dominate between the nanoparticles which lead to 
faster aggregation. Hence, at low ionic strengths, increase in attachment efficiency was 
observed. At high concentrations, the attachment efficiency was no longer a function of 
concentration and remained constant. This was similar to what had been reported 
previously for MWCNT-COOH, fullerene, C60 particles. (Elimelech et al., 1998; Saleh 
et al., 2008; Chen and Elimelech, 2009). 
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 The CCC values were estimated from the plot of the attachment efficiencies 
against the salt concentration which shows the slow and fast aggregation regimes (Figure 
4.3).The CCC values were obtained from the intersection of the interpolated lines through 
the slow and fast regimes.  
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Figure 4.3 Attachment Efficiency of (a) DNDs in NaCl (b) DND-COOH in NaCl (C) 
DNDs in MgCl2 and (d) DND-COOH in MgCl2. 
 
The estimated value of CCC for DND in presence of NaCl was 21 mM, while that 
for DND-COOH was 51 mM. Higher CCC values for DND-COOH implies better 
stability in presence of electrolytes. The CCC values for the DNDs were similar to those 
reported for MWCNTs (25 mM) [ Saleh et al. 2008], slightly lower than that for SWCNT 
(37mM) (Hussain et al., 2010; Fan et al., 2011) and much lower than fullerenes (80 to 
160 mm) (Kayser et al., 2005; Kostarelos et al., 2005) . On the other hand, much higher 
CCC values have been reported for carboxylated MWCNTs, which have ranged from 95 
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to 185 mM (Peng et al., 2009; Smith et al., 2009; Ntim et al., 2011). The estimated CCC 
values in presence of divalent salt (MgCl2) were 10 mM for DND and 2 mM for DND-
COOH. The difference between NaCl and MgCl2 for both DNDs was quite apparent and 
was in line with the Schulze-Hardy Rule. The CCC values in presence of MgCl2 for the 
DNDs appear to be somewhat higher than what has been reported for SWNTs  and 
MWCNTs, which range from 0.3 to 1.8 mM (Fan et al., 2011), while a higher  CCC 
value of  8.0 mM has been reported for fullerenes in presence of MgCl2 (O'Shaughnessy, 
2013). 
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 Figure 4.4 Stability as a function of time measured by fluorescence at 753.2 nm.   
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Figure 4.4 shows the time dependent stability of the DND dispersions. It was 
observed that both DND and DND-COOH dispersions in deionized water were stable 
over the 24 h measurement period. Significant aggregation and subsequent deposition of 
the nanoparticles was observed in the electrolytic environment within 3 to 5 hours. DND-
COOH was more stable than DND in presence of NaCl, while in the presence of MgCl2 
their behaviors were similar. 
4.4 Conclusions 
The fundamental understanding of the colloidal behavior of DNDs is the key to 
predicting their fate and transport in aquatic environments. Results suggest that the 
colloidal behavior of DNDs will depend upon the presence of electrolytes. While the 
DND and DND-COOH were very different materials, the aggregation behavior based on 
particle size and zeta potential measurements showed similar behavior in the presence of 
electrolytes. Nevertheless, the results may not be generalized for all commercial 
nanodiamonds because there may be significant differences in physicochemical 
properties depending upon synthesis and pretreatment methods used in material 
preparations. 
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CHAPTER 5 
EFFECT OF SOLVENTS ON STABILIZATION OF MICRO DRUG PARTICLES 
5.1 Introduction 
It is estimated that a high percentage of newly developed active pharmaceutical 
ingredients (API) have poor water solubility (Leuner and Dressman, 2000; Wong et al., 
2006; Mehta et al., 2007) which leads to lower dissolution rate and poor bioavailability 
(Merisko-Liversidge et al., 2003; Zimmermann et al., 2007). The dissolution is often the 
rate- limiting step and various approaches, such as the reduction in particle size and 
compositing with hydrophilic carriers and/or surfactants have been used (Schmidt and 
Bodmeier, 1999) to address this issue. Therefore, particle size is an important issue in a 
drug formulation, (Choi et al., 2005) and its reduction is of great interest. Conventional 
methods for the synthesis of micron and submicron particles include milling and 
homogenization in order to reduce the particle size (Rabinow, 2004; Choi et al., 2005). 
Sometimes, controlling of size, morphology, surface properties and electrostatic charge is 
often difficult. Precipitation processes that form particles directly may provide more 
control of these parameters (Rasenack and Müller, 2002a; De Gioannis et al., 2004). 
 In recent years, bottom-up processes such as emulsification and antisolvent 
precipitation methods have emerged as methods for the synthesis of micro or sub micro 
size particles from the liquids (Zambaux et al., 1998; Kipp, 2004). Antisolvent 
precipitation of hydrophobic drugs involves contact of an aqueous phase with an organic 
solution containing the drug (Wang et al., 2004).  
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 Meng and her group had usually used sonication assisted anti-solvent methods for 
the synthesis of submicron and micron size particles of insoluble drug moieties (Meng et 
al., 2009). In such process, micro/nano scale drug particles are formed by precipitation 
from an organic solution when the latter is micro mixed in an aqueous phase under 
ultrasonic agitation. The three basic steps involved in such a process is supersaturation, 
nucleation, and particle growth (Dirksen and Ring, 1991). Supersaturation is the driving 
force for nucleation/growth and can be achieved either by increasing solute concentration 
or decreasing the solubility using methods such as solvent evaporation, dissolution of a 
metastable solid phase, cooling, alternate antisolvent and salting out (Jeon et al., 2000; 
Muhrer et al., 2006; Patrick Augustijns, 2007). 
 The key to this approach is the stabilization of the colloid. An unstable suspension 
could lead to large dose variations; and so, long-term stability is of utmost importance in 
pharmaceutical industry (Lucas et al., 2004). Hydrophilic polymers have been known to 
contribute to steric stability as well via a thickening action (Duro et al., 1998). Meng and 
her group have reported the use of combination of surfactants and celluloses as effective 
means of suspension stabilization (Meng et al., 2009). In the antisolvent method, 
supersaturation can be varied by using different solvents. Moreover, the physicochemical 
parameters of the suspension are also altered, which alters suspension stability. In short, 
the combination of the appropriate solvent along with arrested growth by polymers and 
surfactants is a powerful approach to control the formation of micron and submicron size 
particles in an aqueous phase (Yagi et al., 1996; Pongpeerapat et al., 2004). This chapter 
focuses on the effect of solvent on suspension stability.  
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5.2 Preparation of Micro Drug Particles 
Antisolvent precipitation is a technique where a drug solution in a water miscible organic 
solvent is mixed with an aqueous solution containing a surfactant. Upon mixing, the 
supersaturated solution leads to nucleation and growth of drug particles. All precipitation 
experiments were carried out at room temperature. Griseofulvin which was a model drug 
was dissolved in three different solvents (.i.e. Acetone, DMSO, ethanol) to form a clear 
solution. The cellulose ethers and SDS were dissolved in Milli-Q water by stirring. The 
ratio of drug, cellulose ether and SDS was 3:1:1. The drug solution was added into the 
aqueous phase slowly during sonication. The final drug concentration in the suspension 
was 0.4 % w/w. The pH of the aqueous dispersions was approximately 7. 
5.2.1 Particle Size Measurements 
Particle size and size distribution measurements of the bulk suspension were performed 
using static and dynamic light scattering. Static Light scattering which gave an estimate 
of the particle size distribution of the stabilized suspension was carried out using Coulter 
Particle Size Analyzer LS 230.  On the other hand, dynamic light scattering provided a 
selective picture of the relatively smaller particles that underwent significant Brownian 
motion. Dynamic light scattering was carried out using Beckman Coulter, N4 plus 
Submicron Particle Size Analyzer at 23
o
 fixed detector angle. The micro particles 
nucleation and growth in the suspension was successfully monitored by measuring the 
change of particle diameter as a function of time. Zeta potential measurements were 
determined using a Delsa Nano (Beckmann Coulter). Zeta potentials were determined 
from the electrophoretic mobilities of particles by using the Smoluchowski equation. All 
measurements were performed at 25 
o
C. 
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5.2.2 Characterization 
Scanning electron microscope (SEM; LEO 1530VP) was used for studying particle size 
and morphology. The suspensions were placed onto an aluminum stub and dried at the 
room temperature. Then the samples were coated with carbon using a sputter coater 
(MED020 HR). In order to get the possible representation of the particles in the 
suspension, different regions of the suspensions were taken onto the stub and recorded 
with SEM. A Nicolet Almege XR Dispersive Raman with Olympus BX51 Confocal 
Microscope (Thermo Electron Corp.) using a laser at 532 nm was applied in the Raman 
imaging mode. The samples were placed onto the glass slide for the detection using 100X 
optical lens. X-ray diffraction (XRD) data was collected at beam line X7B line (λ = 
0.3184 A˚) of the National Synchrotron Light Source (NSLS) at Brookhaven National 
Laboratory (BNL), Upton, NY. A MAR345 detector was used to record full X-ray 
patterns and the powder rings were integrated with the FIT2D code. The FIT2D 
parameters for the integration of the data were obtained with a standard LaB6 crystal 
compound. 
5.2.3 Monitoring the Sedimentation Rate 
Sedimentation was monitored as a function of time by measuring the weight percentage 
of the solid remaining in the suspension. This was accomplished as follows. Each 
suspension was divided equally into four subsamples and transferred to separate tubes 
and stored at 25 
o
C. The solid sediments were collected at 2, 4, 7 and 9 hour intervals, 
dried in the oven at 35
 o
C in a vacuum to remove the solvent and then the solid sediments 
were rinsed with Milli-Q water to remove the excess cellulose ethers and SDS before 
weighing. 
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5.3 Results and Discussion 
The rate for homogeneous nucleation is expressed by the Gibbs, Volmer equation 
(Patrick Augustijns, 2007). 
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(5.1) 
 
 Where J is the number of nuclei formed per unit time per unit volume, N0  is the 
number of molecules in a unit volume, ν is the frequency of atomic or molecular transport 
at the nucleus- liquid interface, ϑ= molecular volume of the crystallizing solute, γ12 is the  
Interfacial energy per unit area between solvent and cluster, kB is the Boltzmann 
Constant, T is the Temperature and c is the concentration, s is the solubility, while c/s is 
the supersaturation. The first three have strong dependence on the choice of the organic 
solvent. The equilibrium solubility of GF in water is known to be 0.009 mg/ml. The 
solubility of GF in 100:70 solvent-water mixture was measured experimentally (Table 
5.1). It was found that the solubility in DMSO-water was significantly lower than in 
acetone/ethanol water mixture. DMSO had the highest density, viscosity, dielectric 
constant, boiling point and pKa (Table 5.2) for the same final GF concentration. DMSO 
represented the highest degree of super saturation followed by acetone and Ethanol 
(Table 5.3). 
 
 
 
62 
 
 
Table 5.1 Experimented Values for Different GF/ Solvent Systems                                                                                                              
Parameters GF 
with different 
solvents 
GF/ Acetone GF/ DMSO GF/Ethanol 
Viscosity (cp) 1.05 1.11 0.98 
Density(g/ml) 0.99 1.01 0.99 
Zeta potential(mv) -15.16 -1.34 9.43 
Solubility(%wt/v) 4.96 12.05 0.81 
 
Table 5.2 Physiochemical Properties of Solvents 
Physiochemical 
properties 
Acetone DMSO Ethanol 
Density(gm/ml) 0.78 1.09 0.78 
Viscosity (cp) 0.32 2.00 1.20 
Dielectric constant 20.7 47.2 24.3 
B.P(
0 
C) 56 189 78 
Pka 19.3 28 16 
 
5.3.1 Particle Size Distribution 
Dynamic light scattering or photon correlation spectroscopy (PCS) was used to 
selectively monitor the growth of the smaller particles. PCS works by measuring the 
velocity at which the particles move under Brownian motion (Bilati et al., 2005). Figure 
5.1 shows the comparison of particle size as formed via antisolvent precipitation using 
the three solvents. It is interesting to see that all the particle growth in all three cases were 
quite different. Over a period of 50 h, the PCS measurements showed a uniform particle 
size distribution when ethanol was used as the solvent. In case of DMSO, the particles 
were seen to grow slowly over a period of time. This may be attributed to the higher 
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degree of supersaturation where one may expect larger nucleation rate, while higher 
viscosity, density and dielectric constants may have led to slower rate of agglomeration. 
In case of ethanol and acetone, the particles grew rapidly (within an hour) to 1500 nm. 
These particles stabilized in ethanol, but the average particle size decreased in case of 
acetone. This was attributed to Ostwald ripening (Van Eerdenbrugh et al., 2008a)  
 
 
Figure 5.1 Dynamic light scattering measurements of stabilized suspension as a function 
of time in solvent/water mixture. 
 
  
 The overall particle size distribution (PSD) was monitored using laser 
diffractometry. Laser diffraction based particle size analysis is based on particles passing 
through a laser beam which scatter light at an angle that is directly related to their size. 
Typical PSD in stabilized suspension for three solvent systems is shown in Figure 5.2. 
The largest particles eventually settled down. Ethanol produced the largest average PSD, 
and DMSO was the smallest. The higher degree of supersaturation in case of DMSO 
probably led to higher nucleation rate, and coupled with low agglomeration (Figure 5.1) 
generated the smallest PSD. 
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Figure 5.2 Particle size distribution of a model drug for three solvent/water systems. 
5.3.2 Long Term Stability as a Function of Time 
Long term stability of a suspension was studied as a function of time. The stability was 
studied for up to 50 h. The mean diameter or particle size was measured every 2 h 
without sonication. When DMSO was used as a solvent, it produced smaller and stable 
particles whose size did not change significantly for up to 50 h. On the other hand 
Acetone produced suspensions that were not as stable. Particle growth depends on the 
metastable concentration region that exists between solubility and spontaneous nucleation 
(Patrick Augustijns, 2007). For a given solute, this varies from solvent to solvent. The 
particle growth is stable within the metastable region and one can achieve controllable 
particle size by using the appropriate solvent systems. In this case (Figure 5.3), compared 
to ethanol- water and acetone-water systems, the DMSO-water system appeared to be in 
the metastable region and produced the smallest particle size and exhibited slower 
particle growth. Zeta potential measurements were used to study the stability of the drug 
suspension. The zeta potential values were measured 24 h after the preparation of the 
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drug suspensions (Table 5.1). These numbers imply that the suspension was not highly 
stable from an electrostatic consideration, but rather prone to agglomeration. In case of 
acetone, the zeta potentials were more negative, this was consistent with previous 
observations (Meng et al., 2009). 
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Figure 5.3 Long term stability for three drug-solvent systems as a function of time. 
5.3.3 Sedimentation Rate 
Sedimentation rate is a key factor in determining long term stability (Van Eerdenbrugh et 
al., 2008b). Typically; the particles grow or aggregate to a large size, which increases the 
overall setting rate. Rate of settling can be described using Stokes equation (Mersmann, 
1999). 
 
  
  
 
          
   
 
(5.2) 
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 Where dx/dt is the rate of settling, d is the diameter of the dispersed particle, ρi  is  
the density of the particles and the ρe  is the density of the medium, g is the gravitational 
constant and  η is the  viscosity of the medium. Here the rate of settling is proportional to 
the square of the diameter, density difference between the particle and the medium, and 
inversely proportional to viscosity of the medium. Solvent affects both viscosity and 
density of the medium and are important parameters. The density and viscosity of the 
three systems is presented in Table 5.1. DMSO had the highest density and viscosity. 
 The solid particles were uniformly distributed in the suspension after the 
antisolvent precipitation. The amount of the solid particles in the suspension decreased 
with time as they began to settle. These are presented in Figure 5.4.  
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Figure 5.4 Weight percentages of stabilized drug-solvent systems as a function of time. 
 The results appear to be consistent with the Stokes equation that the smaller 
diameter particles have lower settling rate (Elizalde et al., 2000). However, the rate of 
settling varied depending upon the solvent used. At the end of 8 h, nearly 50% of the 
particles were in suspension for all the solvents. Ethanol showed a rather unusual 
behavior, where initially the particles settled down but eventually they were resuspened 
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back. The settling rate was the highest for ethanol followed by DMSO and acetone. 
According to the Stokes equation, the density differential and viscosity play important 
roles, based on this one would expect DMSO to have the lowest settling rate, but that was 
clearly the case. 
 Figure 5.5 shows the plot of experimental settling rate vs. theoretical settling rate 
which was calculated using stokes equation. The data points did not show any trend, 
implying that suspension stability depend on other factors that could include dielectric 
constant and hydrophobicity (Mine et al., 2005). Also, the Stokes law is strictly 
applicable for dilute suspensions with uniform; spherical particles having less inter 
particle collisions and without any affinity with the dispersion medium (Banker, 2002). 
Some of these assumptions were not valid in this case.  
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Figure 5.5 Experimental vs. theoretical value of settling rate (using Stokes Equation). 
 Figure 5.6 shows the settling rate as a function of time for all systems. It was 
evident that the settling rate increased rapidly within the first two hours and then dropped 
to 1-2 %. The rate of settling was the highest in ethanol. 
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Figure 5.6 Rate of settling as a function of time for three drug-solvent systems. 
 
Table 5.3 Parameters for GF with Different Solvents 
 
Suspension 
In Solvent 
Mean diameter 
(µm) 
Percentage of 
particles in 
suspension (%) 
Sedimentation rate 
(w %/h) 
0 hour 4 hour 4 hour 8 hour 2 hour 6 hour 
GF/Acetone 5.13 2.82 68.30 56.00 11.60 3.60 
GF/DMSO 4.07 2.83 54.42 47.76 16.81 8.03 
GF/Ethanol 15.37 14.28 32.46 50.40 24.95 8.67 
 
5.3.4 Particle Morphology 
Figure 5.7 shows the comparison of SEM images of drug particles produced from the 
three solvents. It was found that the crystal shape was identical for all the three systems. 
There were no apparent agglomerations in any of the systems. Figure 5.8 shows the 
Raman spectra of the particles produced from the three solvents showed similar 
signature, indicating that both the chemical nature of the stabilized particles and the 
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polymorphs were identical. The Raman spectra showed the C=O stretching of benzofuran 
ring of GF in the region 1550-1800 cm
-1
 and C-H stretching in the region of 2800-3200 
cm
-1
 were observed in both pure GF and it stabilized analog (Bolton and Prasad, 1981). 
   
 
Figure 5.7 SEM image of Drug Particles in (a) Acetone (b) DMSO and (c) Ethanol. 
 
Figure 5.8 Raman spectra of (a) GF/DMSO (b) GF/Ethanol (c) GF/Acetone (d) Pure GF. 
a
b
c
d
(a) (b) 
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 Figure 5.9 shows the XRD data for three solvent systems. The graph shows 
almost the same trend for all three systems. That means crystal morphology or surface 
structure does not change for any solvent systems. However, there is a slight peak 
shifting observed between 2 theta values 5 to 6, and it was observed that solvent may 
play minor role for this shift. It is clear from the Raman scattering and XRD data that the 
crystals contained the respective drugs and there is no interaction between cellulose ether 
and SDS. 
 
Figure 5.9 XRD data of drug particles prepared in different solvents. 
5.4 Conclusions 
Three solvents were used for antisolvent precipitation of hydrophobic drug molecules, 
which was quite effective under ultrasonic agitation. At the end of 9 h, average diameters 
of particles in suspension were smallest when DMSO was used the solvent, while ethanol 
produced the largest particles. Long term stability was higher in DMSO compare to other 
two systems.  Raman Spectroscopy as well as XRD data confirmed the presence of the 
drug molecule in these crystals.  
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